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I. Nomenclature and Formula 

ROBERT S. HARRIS 


Accepted name: Choline 
Obsolete name: Bilineurine 
Empirical formula: CsHuOjN 

Chemical name: /S-Hydroxyethyltrimethylammoniura hydroxide 
Structure: 


(CH,),N— CHs— CHjOH 

I 

OH 


n. Chemistry 

WENDELL H. GRIFFITH and JOSEPH F. NYC 
A. ISOLATION 

Choline is widely distributed in biological materials as free choline, as 
acetylcholine, and as more complex phospholipids and their metabolic in- 
termediates. It is an integral part of the lecithins, which accounts for its 
occurrence, in combination at least, in all plant nnd animal cells. It is also 
one of the bases of the sphingomyelins of animal tissues. Phosphoiylcholine, 
glycerylphosphorylcholine, and the ester of phosphorylcholine with sphingo- 
fflne have been reported to occur, but it is uncertain to what extent these 
(KMnponents of phospholipids normally exist free in tissues. Choline is char- 
acterized by a trimethyl quaternary nitrogen. Substances related to choline 
in this respect, mclude glycine betaine, carnitine, and ergothionine. From 
the viewpoint of lability of methyl groups, related ccunpounds are methio- 
nine, dimethyl-jS-propiothetin, and dimethylthetin. The latter is of con- 
^erable importance in laboratory studies but is not known to occur 
itaturally. 
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CHa— CH2— Ns(CHg)8 

1 1 

0=C--CH2— Ns(OH,), 

1 1 + 

OH 

0- 

Choline 

Betaine 

CHa— CHi— Ns(CHs)* 

0==:C— CHa— N s(CH3)3 

1 u 

1 u 

0 

H 

1 

:C— CHa 


Acetylcholine 

Betaine aldehyde 

CHa— CHa— N=(CH,)3 

0 

1 u 

II 

0 

1 

CH,— C— 0- 

1 

1 

= P— 0- 
1 

1 

s— + 

II 

1 

OH 

11 

(CHa)a 

losphorylcholine 

Dimethylthotin 

0 

0 

II 

II 

CH,— CUs— CH— C— OH 

1 1 

CHr-CH,— C— 0_ 

1 

I 1 

S NHa 

1 

s— + 

II 

CHa 

II 

(CH,)* 

Methionine 

Dimethyl-/3-propiothetin 


Surprisingly, the first isolations of choline were not from materials rich 
in the complex lipids but from hog bile by Strecker* in 1849 and from an 
alkaloid of white mustard seed (Sinapis cUba) by Babo and Hirschbrunn* 
in 1852. The latter workers named their product sinkaline, whereas Streckeri 
in 1862 applied the name choline to the substance obtained from bile. 
Subsequently, Liebreich^ separated a fraction from hydrolyzed crude brain 
lecithin (protagon), which he named neurine. Dybkowsky* soon found that 
Liebrich’s base was choline and not the vinyl compound known as neurine 
at the present time, and Claus and Kees4' demonstrated the identity of 
sinkaline and choline. 

' Choline has been obtained from a great variety of tissues and fluids 

‘ A. Strecker, Ann. 70, 149 (1849). 

• L. von Babo and M. Hirschbrunn, Ann. 84 , 10 (1852). 

< A. Strecker, Ann. 128 , 353 (1862). f . 

. * O. Liebreich, Ann. 184 , 29 (1865). 

• W. Dybkowsky, /. prakt. Chem. 100, 153 (1867). 

• A. Claus and C. Keesd, J. prakt. Chem. lOS, 24 (1867). 
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fflnce these original isolations. Wrede and Bruch^ extracted various tissues 
with hot acidulated water, and the choline in these extracts was isolated 
and weighed as the chloroaurate. Bischoff et dl.? using a reineckate precipi- 
tation, reported finding up to 45 mg. of free choline (calculated as the 
chloride) per kilogram of muscle. Heesch* prepared extracts of blood serum 
which had been treated with trichloroacetic acid and found in these ex- 
tracts 2.6 to 10 mg. of choline per liter of blood. Strack et of.*® Imve pre- 
sented data which suggest that much of the evidence for the prince of 
free choline in biological materials is unreliable, owing to delav in the 
preparation of extracts, with resulting release of choline by autolysk. They 
found that dog’s liver contained 0 to 43 mg. of choline if extracted imme- 
diately after death of the animal and 136 to 164 mg. of choline p^ kilo- 
gram of liver if extracts were made 5 hours after death. A similar slow 
release of free choline occurred in experiments in which the fresh tissue 
was suspended in alcohol. Strack et al.“ did not find free choline in rabbit, 
dog, or beef muscle. On careful investigation the substance in muscle which 
was precipitated as the reineckate and reported as choline by Bischoff et 
al? was found to be carnitine. 

Many solvents have been tested with respect to the thoroughness with 
which total choline, combined and free, is extracted from natural products. 
Among these are benzene, petroleum ether, ethyl ether, ethanol, methanol, 
acetone, chloroform, and mixtures thereof. None has proved to have any 
special advantage over methanol itself.*®' Engel'® employed multiple ex- 
tractions of samples with methanol in a Bailey-Walker extractor. The more 
convenient method of extraction with the Soxhlet apparatus is generally 
preferred. Glick'® has recommended the mixing of powdered samples with 
No. 2 pulverized pumice, after weighing, to prevent caking of the sample 
and the resultant channeling of the extracting solvent. 

The residue of the methanol extracts of samples must be hydrolyzed if 
the total choline content is to be determined. Barium hydroxide has been 
favored as the alkali for the digestion process because there is no loss of 
choline when pure choline solutions are used.'*''* Gulewitsch'* studied the 

’ F. Wrede and E. Bruch, Hoppe-SeyUr’s Z. physiol. Chem. IW, 265 (1931). 

* G. Bischoff, W. Grab, and J. Kapfhanuner, Hoppe-Seyler’s Z. physiol. Chem. 207, 
67 (1932). 

• 0. ifeeBch., Arch, ges. Physiol, 209, 779 (1925). 

'•E. Strack, E. ^eubaur, and H. GeissendOrfer, Hoppe-Seyler’s Z. physiol. Chem, 
220, 217 ^(1202) i< 

** B. Stride, P. WOrdefaoff, E. Neubaur, and H. GeissendOrfer, Moppe-Seyler’s Z. 

Chem. 2SS, 180 (1935) . 

“Hs^iEngd, J. Biol. Chem. 144, 701 (1942). 

, R. J. Evans, and J. L. St. John, J. Nutrition 25, 1 (1943) 

J. Biol. Chem. 166, 643 (1944). 

<jhilemtBeh, Hoppe-Seyler’s Z. physiol. Chem. 24, 513 (1808). 
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^ect <A heating choline in aqueous baryta as well as in alcoholic solutions 
trf sodium ethylate and found only a negligible breakdown of cholme after 
boiling in baryta solution for 6 hours or after heating in a 5% sodium 
alcoholate solution for 24 hours. 

Beattie^* studied the acid hydrolysis of a lecithin emulsion prepared from 
a commercial egg lecithin preparation and hydrolyzed in 7.8 % hydrochloric 
acid at 110°. The maximum value of free choline was obtained alt^ hy- 
drolysis for 21 hours. Acid hydrolysis has been used also in the liberation 
of choline from bound forms in tissues.’®'** Ducet and Kahahe** refluxed 
animal and vegetable tissues with 30% nitric acid until a clear solution 
was obtained. After neutralization of the solution with powdered caldum 
carbonate and dilution with several volumes of water, 10 ml. of 50 % ferric 
sulfate and 5 g. of calcium carbonate were added for each gram of dry 
tissue originally taken. The mixture was heated to boiling and filtered. 
The filtrate and washings containing the choline were concentrated to a 
small volume, and the choline was precipitated by one of the refloats 
generally employed for this purpose. These workers found that no choline 
was destroyed during this procedure. 

The earliest methods which were employed for isolating choline from 
biological extracts were dependent on the use of various sendtive though 
non-specific precipitants. Choline may be precipitated from alcoholic solu- 
ticHis as the double salt of platinum, gold, or mercury chlorides.’** **• ** 
Precipitation as the reineckate or the periodide has been employed most 
extensively for the removal of choline from aqueous solution. 

Beattie’® observed that a quantitative precipitation of free choline as the 
reineckate can be obtained in solutions containing as little as 0.03 mg. of 
choline chloride per milliliter and that the choline in about 7 to 10 ml. of 
a solution of this concentration can be quantitatively determined. The. 
slight extent to which other substances interfere with the reineckate pre- 
cipitation and estimation of choline in animal tissues and fluids was demon- 
strated by Beattie by analysis of tissue extracts, a tryptic digest, and urme 
before and after the addition of known amounts of choline chloride (Ta- 
ble I). 


’• B. N. Erickson, I. Avrin, D. M. Teague, and H. H. Williams, J. Biol. Chm. US; 
671 (16^). 

" H. P. Jacobi, C. A. Baumann, and W. J. Meek, J. Biol. Chm. U8, 871 0041), 

’* J. Kapfhammer and C. Bisohoff, HoppeSeyler’a Z. physiol. Chm. 170 (1030), 
,» F. J. E. Beattie, Biochm. /. 80, 1654 (1036) . 

“ J. D, Fletcher, C. H. Best, and 0. M. Solandt, Biovhm. J. S9, 2278 (1938); 

« E. W. Lueoke and P. B. Pearson, J. Biol. Chm. US, 289 (1944); 156, 607 (104^. 
w Q, Dneet and £. Kahane, Bull. soc. ehim. biol. SB, 7M (1946). 

'*.A. Lohmamr, Arch. yes. Physiol. U8, 2(3 (1008). 

** 0. T. MOmer, Hopps-Seylsr’s Z. physiol. Chm. U, 614 (1896). 
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Cki the basis of a careful study of the reineckate method, as originally 
modified by Jacobi oi.” and Engel,** Glick*^ has proposed the followii^ 
procedure for the isolation of choline from natural materials: 

A wei^ied sample, containing the equivalent of 2 to 5 n^. of choline 
chloride, is placed in an alundum thimble of medium porosity (80 mm. long 
and 22 mm. in diameter) for extraction in a Soxhlet apparatus fitted with 
a 125-ml. boiling flask. About 100 ml. of methanol is used as the solvent, 
and the extraction is allowed to proceed for 24 hours. With some finely 
divided materials such as flour, the tendency to form a hard cake makes it 
desirable to mix the sample intimately with No. 2 pulverized pumice to 
facilitate the extraction. The boiling flask containing the methanql extract 
is placed on a steam bath and, when only a few milliliters of solvent ^mains, 
30 ml. of a saturated solution of barium hydroxide is added and the heating 
continued for 90 minutes. After the mixture is cooled, a drop of 1 % al- 
coholic thymolphthalein is added to the hydrolyzate and facial acetic is 

TABLE I 

Rbcovbht of Added Choline by the Reineckate Pbocedure" 


Choline chloride, mg./ml. 



Originally 

Amount 

Total 

Amount 


present 

added 

amount 

recovered 

Elidney extract 

0.13 

0.69 

0.85 

0.72 

Liver extract 

0.18 

0.77 

0.94 

0.76 

Tryptic digest 

None 

1.50 

1.56 

1.56 

Urine 

None 

1.50 

1.56 

1.56 


introduced until fhe blue color is just discharged by one drop. The liquid 
is them filtered by suction through a sintered glass filter tube of medium 
porosity (15 to 30 ml. capacity) into a 125-ml. suction flask. The boiling 
flixA is rinsed with small portions of distilled water, mid the rinsings are 
used to wash the filter, a total of about 15 ml. of water being used. To the 
combined filtrate and washings is added 6 ml. ^ a 2 % solution of reineckate 
salt in methanol, and the flask is placed in a refrigerator at about 5° for 2 
houns. The choline rdneckate precipitate is filtered with suction into a 
l^ml. sintered ^ass filter tube of medium porosity. The dri^ precipitate 
is wafted three times with 2.5-ml. portions of n-propanol and again dried, 
by. smaas of the suction. 

The abc^ inrooednre avoids the precipitation o£ betaine reineckate vdiich 
is insoluble hi aiind solutions but soluble in sl%h% alkaline Boluti<ms. How- 
it has been noted** that din^hylaminoethanol ai^iears to be carried 
down in part in the chdine reineckate predpitate when a solution ciuitsdn- 
iiqg,.the Wo Iwses is treated with reinedcate at a dii^tly alkaline pH. 

; T. S: JulcM^ A. C. DombttBli, and J. J. Oleson, Federation Proc. 4, 157 (1945),., 
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Aceording to Coujard’* treatment of tissue sectkme ^th reineekate. 
dpitateB choline reineckate as birefringent crystals which are read^* ae(^ 
witJi a polarizing microscope. Keenan*' has described microscopic p^me* 
dures for the quantitative detection of traces of choline as. the rdnedmte 
and as the chloroplatinate. 

The periodide separation is generally considered to be one of. the mCNSt 
sensitive methods of precipitating choline. Griess and Harrow** had utilized 
the insolubility of the periodide to isolate choline as early as 1885. In 18^ 
Florence** described a medico-legal test for semen stains based upon the 
typical crystals formed when this material was treated with iodine in po 
tassium iodide solution. Bocarius** isolated the typical Florence crystals 
and proved by chemical identification that choline was the substance which 
gave the insoluble periodide. Booth*' estimated that in aqueous solutikms 
potassium triiodide gives a precipitate with choline at a diluti(Hi of about 
1:50,000. Stan5k** studied the chemical composition oi the choline perio- 
dide precipitate and the conditions under which it is formed. A detailed 
study of the periodide procedure for the isolation and subsequent estima- 
tion of choline was made by Kiesel.** 

Choline may also be precipitated from water with phosphotuhgstic, 
silicotungstic, and phosphomolybdic acids.**- ** Ackerman** used dipioiyl- 
amine as a precipitant, the choline salt being only slightly soluble in wa^ 
(0.02 g. in 100 ml. of water at 20®). The low solubility of the salt permitted 
the separation of choline from betaine and aminoethanol. School** pub- 
lished descriptions and enlarged micrographs of the double salts oi didinu 
hydrochloride with the following reagents: platinum chloride, sodium gdd 
cUoiide, mercuric chloride, mercuric iodide, potassium bismuth iodide, 
picric acid, and picrolonic acid. 

Several combined water-soluble forms of choline have been isolated bom 
biological materials. In 1929 Dale and Dudlqr*’’ succeeded in isdbi^M 
acetylcholine from an extract of horse splemi in sufficieht quantsyies ^ 
chemical identification. Since that time the acetylcholine in tissues has 

** R. Goujard, Compt. rend. tee. biol. MS, IS (1048). 

** G. L. Keenan, J.yiuoc. Offie. Agr. ChemitU S6, 06 (1043). 

*» P. Griess and O. l^rrow, Ser. 18, 717 (1886). ’ 

** A. I^orence, ApH. Anthropol. 11, 11 (1806). 

** N. Bocarius, Hoppe’Seyler's Z, jAyeiol. Chem. M, 330 (1901). 

H F. J. Booth, B«4cjbem. J. SO, 2064 (1935). 

» V. Stanek, Bopifi-Beyhr’t Z. phytiol. Chem. 48, 280 (1905); «7, 83 (1906)i 48, 384 

(1006). } . i , , 

w A. Kiesel, ffopf^-Seyler’e Z. phyeiol. Chem. A, 216 (1007). 

** h. Lematte, G. Bi<»>ot, E. Kafaane, and M. Ka&aiie, Comjtf. MA* 1130. (l83(^. 
.nD.Aekermmbmoppe-Seyler’eZ.phyeiol.Chm.^m,m(im). 

M N. flohoorl, ITeeibfad. 56, 368 (lOM). 

. w H. H. Dale H. W. Iladtey, ^. PAj/si(4; (fiondon) |8,«7, (1929). 



8 


CHOLINB 


been widely studied. A summary of the early work on acetylcholine has been 

published by Gaddum.** , , j -x • x 

Hunt” described a biological test for choline based on its conversion to 

acetylcholine and the demonstration of the effect of the ^ter in lowering 
blood pressure in cats or rabbits or in decreasing the amplitude of the beat 
of the frog’s heart. Ackermann and Mauer^® prepared the acetylcholine salt 
of dipicrylamine, insoluble red crystals yielding a red solution wth acetone 
suitable for colorimetric estimation. Rossi et compared various deriva- 
tives and found that the formation of the crystalline silicotungstate was a 
useful method of distinguishing choline and acetylcholine. \ 

Inukai and Nakahara^ isolated phosphorylcholine from beef diver. A 
yield of 0.3 g. of the crystalline picrate was obtained from 200 kg. W fresh 
beef liver. The crystals, which were an addition compound of 1 mole of picric 
acid and 2 moles of the ester, softened at 225° and melted at 228°. Both the 
synthesis and hydrolysis of phosphorylcholine by intestinal phosphatase 
have been reported." - " The enz 3 rmatic cleavage of phosphorylcholine has 
been studied extensively by Baccari.^®- 
Isolation from animal tissues of a water-soluble substance believed to be 
the phosphorylcholine ester of sphingosine has been reported by a number 
of investigators.”' King and Aloisi®® isolated glycerylphosphoric acid 
from an acid extract of beef pancreas and assumed that it resulted from 
hydrolysis of glycerylphosphorylcholine (GPC). Schmidt et oZ." isolated 
the latter compound from incubated pancreas and, on the basis of diffi- 
culties in the isolation of homogeneous products of this type, questioned 
the identity of the product previously isolated by King and Small®^ and 
believed by them to be sphingosylphosphorylcholine. Kahane and L6vy”*” 


•• J. H. Gaddum, Ann, Rev. Biochem. 4, 311 (1935). 

**R. Hunt, J, Pharmacol, Exptl. Therap, 7, 301 (1915). 

D. Ackermann and H. Mauer, Hoppe-Seyler^s Z. physiol. Chem. 279, 114 (1943). 

** Jj. Rossi, A. D. Marenzi, and R. Lobo, Andies, farm, y bioquim. {Buenos Aires) tS, 
31 (1942). 


F. Inukai and W. Nakahara, Proc. Imp. Acad. {Tokyo) 11, 260 (1935). 

** B. BouchUloux and A, Tissieres, Bull, soc, chim. hiol. 29, 955 (1947). 

" J. Roche and S. Bouchilloux, Arch. sci. physiol. 2, 283 (1948)./ 

^ V. Baccari, Boll. soc. ital. hiol. sper. 21, 48 (1946). I 

" V. Baccari and G. Auricchio, Boll. soc. ital. hiol, sper. 22, 5^(}946). 

E. Strack, E. Neubaur and H. GeissendOrfer, Hoppe-Seyler^s Z. physiol. Chm. \ 

25 (1934). 

" F. J. Booth, Biochem. J. 29, 2071 (1935). 

Booth and T. H. Milrey, J. Phynol. (London) S4, 32P (1635) 

» D. H. toyth, Bioekem. J. Vt, 2067 (1936) . ^ 

« J. Sang and C. W, Smdll, Bioehem. J. Zt, 1136 (1939), 

“B. J. IQng and M. Aldri, Stocilom. /. 89, 470 (1948). , ~ 

^,^^nddt, B. Hmhman, and 8. J-Thaunhanaor, /. Biol. Chm. 181, <83 (1948)< 
^^.JEahane and J. Ii6yy, iwd. 819, 431 (1,44), 
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presented evid^ce for the hydrolysis of lecithin to GPC by rat mtestine, 
and Shapiro** has demonstrated the formation of GPC from ledthin, by 
a cdl-free extract of pancreas. 

Cyclic choline sulfate was isolated from AapergiUua aydovoi by Woolley 
and Peterson, *■' who obtained it both from an autolysate and from an 
acetone extract of defatted mycelium. The yield was 0.26 % based on tiie 
weight of the dry mycelium. The isolated cyclic sulfate was believed to be 
identical with a synthetic product of the formula C 8 Hu 04 NS which had 
been previously synthesized from choline chloride and sulfuric add by 
Schmidt and Wagner.** Its use as a source of sulfur by AspergiUw oryzde 
has been reported.** 

As yet no methods exist for the accurate isolation and determination df 
the different forms of choline in biological materials, particularly free 
choline and combined water-soluble choline. Kahane and L4vy** defined 
water-soluble choline as the total found in aqueous extracts oi tissues after 
suitable precipitation and filtration. Ferric hydroxide formed within tiie 
mixture by addition of ferric sulfate and calcium carbonate was recom- 
mended as the best precipitating agent. The choline of lecithin would not 
be included in the total water-soluble choline. 

Several attempts have been made to devise procedures for the separatimi 
of free choline from combined water-soluble choline as well as from otiier 
water-soluble substances which may interfere with its isolation and qmmti- 
tative determination. Gebauer-Fuelne^ and Kendall*^ applied electro- 
dialysis to the separation of histidine from histamine or choline, and also 
to the separation of an artificial mixture of protein or gelatin from histamine 
or choline. This is reported to be a suitable method for the separation of 
relatively strong, crystalloidal bases from mixtures with amphoteric or 
more weakly basic substances. 

Horowitz and Beadle** used Permutit columns to sepmate choline fnmi 
non-basic interfering substances. They found that a Permutit column mea»- 
uring 110 X 0.6 mm., containing approximately 1 g. of Permutit, com- 
ifietely removes the choline from 5 ml. of a solution containing up to 0.5 
mg. of choline per milliliter. Repeated tests showed that tixe absorbed 
chcline is quantitatively eluted with 10 ml. of 5 % sodium chloride. 


** £. Kahittifl and J. Ldvy, Helv. Ckim. Acta 1322 (1946). 

»B. Shapiro, Nature 169. 29 (1952). 

" D. W. Woolley and W. H. Peterson. J. Biol. Chem. 122, 213 (1937). 
*• £. Schmidt and W. Wagner, Ann. SS7, 61 (1904). . 

. ** F. Sgami and M. Itabashi, Zpohu to Se^titsugahu 19, 292 (1951). 

** Kahane and J. L^vy, Btdl. toe. ehim. biol. U, 223 (1939) . 

^ if. (Mbaner*Fuelnegg and A. I. Kmtdall, Ber^ 1067 (1931). ' 

■ Horowitz and Q. W. Beadle, J. Bipi. Chem. 180, 326 (19ti). 
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Ducet® observed that free choline can be quantitatively adsorbed m 
ai)inii. gel whereas the combined water-soluble choline remains in the solvent. 

The isolation of choline by paper chromatography was investigated by 
Munier and Macheboeuf.® These workers report that non-alkaloidal sub- 
stances such as choline and betaine are readily separated from alkaloids 
because their partition coefficients in various solvent systems ar^ differmit. 
Choline is detected on the paper strips by the blue color formec^ when the 
chromatograms are treated with solutions containing phosphWolybdic 
acid, acetic acid and stannous chloride. Rf values are given by theE» workers 
for choline when it is chromatogrammed with various solvent ^noixtures 
containing n-butanol, acetic acid, and water. 

B. PHYSICAL AND CHEMICAL PROPERTIES 

Choline, hydroxyethyltrimethylammonium hydroxide, can be obtained 
with difficulty as a colorless crystalline mass by drying under high vacuum 
over PjOj.®*' “ It is a strong base, decomposes anunonium salts, and has 
a marked tendency to absorb water and carbon dioxide from the air. 
Choline has no well-defined melting or boiling point but breaks down when 
heated into trimethylamine and glycol. Dimethylaminoethanol and di- 
methylvinylamine are also formed in lesser amounts by thermal decompo- 
sition of the base.® Dilute water solutions of the base are stable to heat, 
but concentrated solutions give off trimethylamine when boiled.** 

Choline is soluble in water, in formaldehyde, and in absolute methyl and 
ethyl alcohols. It is sparingly soluble in amyl alcohol, chloroform, dry 
acetone, and wet ether. Choline is insoluble in dry ether, carbon tetra- 
chlOTide, carbon sulfide, toluene, benzene, and petroleum ether,*' - ** 

Eds^** reported the Raman spectrum for choline chloride, and the 
ultraviolet absorption spectrum of the base is described by Castille and 
RuppaP® and by Graubner.” 


C. CONSTITUTION AND SYNTHESIS 

llie correct structure of choline was determined by Baeym" and by 
Wurtz,» who carried out the first syntheses, using the reaction of ti 
“ Q, Dueet, Compt. rend. 128, 1045 (1948). 

, ® R. ^^Br and M. Macheboeuf, Bull. $oc. biol. 81. 1144 (1040) 

R«pffi Ber. 64 , 2274 (1921). 

“ A. Wurts, Compt. rend. 66, 772 (1808). 

: W. Roman, Bioehem. Z. 219 , 218 (1930). 

f' 220 (1932). 

C i' Aw. Chtm. 8oo. 66, 1767 (1943). 

A. ^tille and M. Rnppal, Bull acad. toy. mtd. Bely. 66, 263 (1926) 

« W. Oraubner, Z. gee. expU. Med. 68, 827 (W) ' 


rend. 66p 1015 (1867). 
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tnetibylaimne either on ethyl^ie chlorohydrin or on ethylene oxide 'ffiih the 
fonnfttimi of the chloride or the free base, respectivdy. 

Several of the early synthetic methods for choline were based on (24wo* 
moetbyl)trunethylammonium bromide as the starting compound. This 
substance is easily prepared by reacting trimethylamine with ethylene 
bromide according to the following equation: 

{CH,),N + BrCH,CH.Br-»Br(CH,),NCH,CH,Br 

Bode^* converted the brominated product into choline 1:^ heating it in a 
solution of silver nitrate. Krdger and BergelP* effected the same conversion 
by heating its aqueous solution for 4 hours at 160° in a sealed tube. Lucius’^* 
heated the compound for 1 hour in an alcoholic solution of potassium 
hydroxide at 120° and obtained a mixture of choline and neurine (vinyl- 
trimethylammonium hydroxide). 

Choline has been synthesized also by the exhaustive methylatum of 
aminoethanol with methyl iodide in a methanolic solution of potassium 
hydroxide,” by modifications of the original methods of Wurtz” nting 
trimethylamine,”"'** by preparation of dimethylaminoethanol and its con- 
version to choline throu^ the methiodide,*® and by hydrolysis of 2-(ethoxy- 
methoxy)ethyl-trimethylammonium formate formed from the correspond- 
ing dimethylamine derivative and methyl formate.** 

The general problem involving the synthesis of hydroxy bases and ct 
homologs of choline was studied by von Braun.*® Tbds worker has shown 
that, by means of the compounds Br(CHs)xOBz and NHMes, bases of the 
type MejH(CHs),OBz can be prepared. These are quantitatively c<mverted 
to the hydroxy bases, MejN(CHj),OH, by alkaline hydrolysis. The methi" 
odide of the product can then be treated with rilver chloride to give 
Me»NCl(CH,),OH. 

The synthesis of choline with the hydrogens of the methyl groups le* 
placed by deuterium was first imdertaken by du Vigneaud** bad his oo- 
workers. Deuteriomethyl alcohol was converted with phoqdioruB and 
iodine to deuteriomethyliodide. The iodide with aminoethancd yidded 
iholine with an overall yield of 64% based on deuteriomethyl altuhd. 

» J. Bode, ^nn. S67. 268 (1891). 

” M. Kroger and P. Bergell, Ber. S6, 290 (1903). 

•• K. Ltttitis, ArOi. Pkarm. 246. 248 (1907). 

” Q. Trier, Hoppe-Seyler’a Z. phytioh Chem. 80, 409 (1912). 

” R. R. Renshaw, J. Am. Chm. Soe. 32, 128 (1910). 

«P. KOrner, French Pat. 736,107 (April 29. 1932). 

H. Hopff and E. Tierling, German Pat. 801,210 (December 28, 1960). 

. ** 3. von Braun, Ber. 49, 966 (1916). 

’ “W.F.QM*ham,U. 8. Pat. 2,467,226 (December 28, 1948). 

^ *• V, du Vignemtd, J. P. Chandler, M. Cohn, and G. B. Brown, /. BM. CbMi. 3||» 

787 (1940). 
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Walz et aZ ® synthesized choline and acetylcholine labeled in the ethylene 
chain with isotopic carbon-14. Acetylene-C*S obtained from active car- 
bonate in the usual manner, was reduced to ethylene by reaction with 
chromous chloride a(^cording to the method of Arrol and Glascock.*® The 
labeled ethylene was converted to ethylene bromohydrin-l,2-C*® with 
N-bromoacetamide. The bromohydrin with excess trimethylamipe in ether 
yielded choline bromide with an 83% yield based on the biiibmohydrm. 
Dauben and Gee*® have published an alternative procedure stilling with 
carboxyl-labeled sodium acetate. This was converted to chloroi|icetic acid 
which was esterified with diazoethane. The resulting chloroactetate was 
allowed to react with dimethylamine, and the product was r6duced to 
N,N-dimethylaminoethanol with lithium aluminum hydride. The substi- 
tuted ethanol was further methylated with methyl iodide, and the choline 
iodide converted into choline chloride with in the alcoholic carbon. 

An improved synthesis of phosphorylcholine has been descril^ed by 
Baer.*^ • ** The compound \vas prepared by the catalytic hydrogenation of 
diphenylphosphorylcholine produced by the reaction of diphenylphosphoryl 
chloride and choline chloride in pyridine. 

Glycerylphosphoric acid esters of choline have l>een prepared by Ravaz- 
zoni and Fenaroli** and by Aloisi and Buffa®® from bromocholine picrate 
and the silver a- and /3-glycerylphosphates. These authors suggest that 
previous workers may have confused the choline salts of the glycerylphos- 
phates with the choline esters. The choline salts form readily and block 
esterification. Baer and Kates®^ - ^ prepared and studied the hydrolysis of 
L-a-glycerylphosphorylcholine and noted a reversible shifting of the phos- 
phoric acid between the a- and jS-carbons. 

Salts of choline and of the common acids, including acetic, carbonic, 
hydrochloric, nitric, oxalic, picric, picrolonic, and sulfuric acids, are soluble 
in water and in ethanol, whereas the acid tartrate, chloroplatinate, mono* 
phosphate, and ruffinate are insoluble in ethanol. Double salts with cad- 
mium chloride and with zinc chloride are also soluble in water and insoluble 
in ethanol. Double salts with gold chloride and with mercuric chloride are 
insoluble in water. Other water-insoluble salts include the hexaiodide, 


»» E. Walz, M. Fields, and J. A. Gibbs, J, Am. Chem. Soc. 78, 2968 (1951). 
•* W. J. Arrol and R. Glascock, Nainte 169, 810 (1947). 

i Soc. 1960 SuppL, Issue 2, S 835. 

* W. G. Dauben and M. Gee, /. Am. Chem. Soc, 74, 1078 (1952) 

^ E. Baer and C. S. McArthur, J. Biol. Chem. 164, 451 (1944). * 

E. Baer, J, Am. Chem. Soc. $9, 1253 (1947). 

«€. ^V^zoni and A. Fenaroli, Ann. chi^. applicuta 80, 318 (1940). 

and P. Buffa, Biochem. J. 48, 157 (1948). 

" Bv^ier and M. Kates, J . Am. Chem. Soc. 70, 1394 (1948) 

^Bi Baer and M. Kates, J. Biol Chem. 176, 79 (1948). 
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periodate, enneaiodide, phosphotungstate, phosfdiomolybdate, rdseekate, 
and Balts with Mayer’s reagent (potassium mercuric iodide) aitd with 
Kraut’s reagent (potassium bismuth iodide). The chlocoplatinate is mod- 
erately soluble in water but very insoluble in e1han<d. The flavianate is 
sparin^y soluble in ethanol and is insoluble in N-butanol. 

The properties of some of the more impcatant salts are listed bdow: 

Chhride (CsHuONCl) : Soluble in water, methanol, ethanol, and frmnid- 
dehyde; less soluble in carbon tetrachloride, chloroform, and acetone; 
insoluble in carbon disulfide, benzene, toluene, ether, and petroleum ether; 
deliquescent; stable up to 180°, decomposing on heating to give dimethyl- 
aminoethanol and methyl chloride. 

Rdneckate (Ci&Hi40N-C4H7N8S/Cr): Melts above 250°;** S(duble in 
water at 18° up to 0.02%, in 10% hydrochloric acid up to 0.03%; in toe 
presence of excess ammonium reineckate the solubility in water is greatly 
depressed;** insoluble in dilute ammonia, Q.l N sodium hydroxide, ethanol, 
benzene, and ether, but has an appreciable solubility in acetone.*® • •• 

Periodides: Periodides of choline are precipitated by iodine in potasnum 
iodide solution, either as an insoluble oil or as a crystalline material, de- 
pending upon the conditions.**’ ** 

Hexaiodide (CsHmON • I • Is) : Black greenish iridescent oil obtained when 
potassium triiodide solution is added to an excess of choline chloride; very 
insoluble in water and soluble in ethanol; converted to toe eimeaiodide by 
treatment with KIj solution or powdered iodine. 

Enneaiodide (C5H)40N • I • I*) : Green needles, soluble in alcohol but v«y 
insoluble in water; loses iodine rapidly in air and goes over to the hexa- 
iodide. 

Mercuric chloride double salt (CcHhON-CI' 6 HgCls): Mdts at 249 to 
261V® 242 to 243°;®* insoluble in cold water and very insoluble in alcohd. 

CMoroaurate (CiHuON -Cl- AuCl*): Melts at 243 to 244° (slow heatoig), 
269° (rapid heating),** 257°** 267 to 270°;** deep yellow ne^les from hot 
alcohol or octahedra and cubes from dilute alcohol; sparingly scduble m 
water, and very insoluble in alcohol. 

CMoroplatiruae (CjHi40N Cl)*PtCl4: Quickly decomposes on heatmg at 
241 to 242°;*® dimorphous; crystallizes in cubes and octahedra fnan hot 
alo<tool and water (1 : 1), but in six-sided pyramids or monodinic rhombic 

** G. Bisohoif, W. Grab, and J. Kapfhaminer, Hoppe-SeyUtr't Z. phynal. Chen. SOOf, 

1S3 (1931). 

** E. Stawok and H. Schwaneberg, Hoppe-Seyler’s Z. physiol. Chem. M8» 11 (1936). 

*» H. Paal, fiiockem. 2. m, 244 (1929). 

•*P. E.Bhaw, fiiocfcem. /. 88, 1002 (1938). 

** J. Smomdiiiisw, Moppe-Seyler’e Z. physiol. Chem. 80, 218 (1912)< 

*• C; tlei«!Ur, Hopp«*Seyler*s Z. physiol. Chem. 78, 187 (1912). 



14 


CHOLINIl 


crystals from water; both forms of crystals are orange-red m colw; very 
insoluble in alcohol but moderately soluble in water. 

BromoplaUnate (CsHmON Br),PtBr4: Melts at 240” (decomp.); large 
dark-red prisms or octahedra; sparingly soluble in water.** 

Picrate (C 5 Hj 40 N C.H20,Na): Melts at 240”; readily soluble in water 

and alcohol.**® ;( 

Cotnplex with uTaniwn [C*Hi40N"U02(N0*)*]jr Yellow, noni^ygroscopic 
crystals insoluble in ethanol and ether and sparingly solub^>in water; 
aqueous solution fluoresces in ultraviolet light.*®* 


m. Industrial Preparation 

WENDELL H. GRIFFITH and JOSEPH F. NY’C 


The reaction between trimethylamine and either ethylene chlorohydrin* • * 
or ethylene oxide* is used commonly in the manufacture of choline. 


(CH,),N + ClCHiCHjOH - (CH,),N+CHjCH,OH + Cl' 

(CH,).N -i- CHj— CH, + H,0 -► (CH,),N+CH,CH,OH -H fOHl' 

\ / 

0 


In Hopf and Vierling’s modification of the first reaction* gaseous trimethyl- 
amine is passed through ethylene chlorohydrin at 80°. In Kdmer’s pro- 
c^ure* trimethylamine and ethylene oxide react in the presence of water 
and carbon dioxide and the resulting choline is transformed to other salte 
by treatment with various acids. 

Choline has been prepared more recently by a two-st^ synthesis.® The 
quartemary salt, 2-(ethoxymethoxy)ethyltrimethylammonium formate, is 
formed by heating 2-(ethoxymethoxy)ethyldimethylamiDe with em 
methyl formate at 140 to 150” under a pressure of 250 p.8.i. The quar- 
tmiary salt is then refluxed in a mixture of ethyl alcohol mid hydrochlorio 
and the reaction mixture is taken to dryness at a reduced {uessuNL 
^he crude cht^e chloride remaining in the residue is purified by oiystid- 
hsatirm from isobutyl alcohol. 


a* w a Z. phynol. Cktm. m, m (W19). 

S' “4 8. Odake, Bioehem. Z. 4S, 89 (1912). 

■ J*G. goye, Coapl. rend. 2S8, 1228 G9^). 

V S' Soc. 82, 128 (1910). 

Oennan Pat. 801,210 (Deeamber 28, 1980) 
F. ia>raer, French Pat. 736,107 (April 29, 1W2). 

Oreaham, U. 8. P«f . 2,«7.226 (Docconber 28, 1948). 



nr. BiocHBiacAL ststeimb 


W 


IV. Biochemical Systems 

WENDELL H. GRIFFITH and JOSEPH F, NYO 

A. ENZYMES AND COENZYMES 

Studies on choline and its derivatives have emi^iasized the biochemicai 
importance of these compounds as structural components of tissues, as 
intermediates in vital metabolic reactions, and as specific chemical reactants 
of marked biological potency. On the other hand, evidence for the partici- 
pation oi choline or of its derivatives in a specific manner as cofactors in 
enzymatic systems is meager, although a few reports have linked it or its 
phosphoric acid ester with phosphatases. Caution is needed in questioning 
the importance of choline as a compon^t of coenzymes, because relatively 
little definite information is at hand regarding the functions and properties 
of the lipoproteins that contain choline phospholipids. 

Kielley and Myerhof^ believe that a magneaum-activated adenoane- 
triphosphatase (ATPase) of muscle may con^ of a Upoprotdn with a 
choline-containing phospholipid as a constitu^t. The compound was de- 
void of myosin and actomyosin, and there was no indication that it was 
another form of myosin ATPase. Its pH optimum was 6.8, and it was 
stron^y inhibited by calcium. Inactivation of the enzjrme and hydrolysiB 
oi tile pho^holipid portion by lecithinase of Clostridium welekii paralleled 
each other. The occurrence of the pyrophosphoric acid ester of choline in 
the prosthetic groups of acid and alkaline phosphatases has been reported.* 
Other workers* have noted that this ester contains a labile phosphate gronp, 
hydrolyzable by crude and not by purified muscle pyrophosphatase, but 
they are not of the opinion that it is a coenzyme of a phosphatase. Alkyl 
nitrogen-substituted derivatives of aminoethanol and dt dufiine activate 
alkaline phosphomonoesterases.* Activation of an ATPase si^stem in rat 
submaxillary gland by acetylcholine m vitro has been reported.* 

B. CHOLINE ACETYLASE AND ACETYIX3HOLINBSTEHASB 

Coenzyme A (CoA) appears to be a ctmunon coensi^e for most, if not 
all, of the acetyl-tranitierring systems, including the aoelylaticHi of (holbe. 
The crmstituents one form, at least, of this important thermostable ooca- 
. pound include adenosine-2'(or 3')-I^ospbet6i*’’ pyrrqdioQ^te,* panto* 

‘ W. W. Kielley end 0. Myerhof, Biol. Chen, in, 691 (1948); ISI, 391 (1«9». 
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, ‘R. Granger and J. Franx, True. toe. phurm. Moi^pelher I, 48 (194B-lBil)l I, W 
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fchenic acid,® and i^-mercaptoethylamine.®' ® • ® It is probable that the nucleo- 
side is joined to the terminal alcoholic hydroxyl of the pantothenate by a 
pyrophosphate bridge and that the sulfur component forms an acid amide 
linkage with the carboxyl of the jS-alanine moiety of the pantothenate. 
The pantothenic acid-mercaptoethylamine complex can be obtained from 
CoA by hydrolysis by intestinal phosphatase^®* and is identical with 
Snell’s Lactohacillus bvlgaricus growth factor (LBF or pantetheine).®* 

The free-SH group is the principal site of reactivity in the CoA molecule, 
and it is readily acetylated to acetyl CoA (CoA — S — CO — CHg) in the 
presence of ATP. A partially purified preparation of acetyl CoA, has been 
obtained from baker’s yeast by Lynen et This molecule, \ formerly 
designated “active acetate,” serves as a donor of acetyl groups in the 
presence of specific apoenzymes. Energy in the form of ATP is required 
for its formation, and it is of considerable interest that its acyl-mercaptide 
linkage is an energy-rich bond.’®'^® CoA may exist in the disulfide form 
(CoA — S — S — CoA), and mixed disulfides with other sulfhydryl compounds 
have complicated its isolation. 

The application of these findings to the metabolism of choline, is illus- 
trated by the system which transfers acetyl from citrate to choline. Ochoa 
et alP have isolated a condensing enz 3 nne from heart muscle which cata- 
lyzes reversibly the reaction between acetyl CoA and oxalacetate to give 
CoA and citrate. If choline and a second acetyl-transferring enzyme (acetyl- 
ase) are present in addition to Ochoa’s condensing enzyme plus citrate and 
CoA, acetylcholine is formed.^^ 

The probable identity of the factor (presumably CoA) required in the 
acetylation of sulfanilamide and of choline was indicated in 1946.^^ Subse- 
quently, Nachmansohn obtained a fraction termed acetylkinase from pigeon 
liver and demonstrated that both sulfanilamide and choline were acetylated 


7 J. Baddiley and E. M. Thain, J, Chem. Sac* 1951, 3421. 
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V. M. McQlohon, and O. D. Bird, J. Am, Chem. Soc. 72, 5349 (1950). 
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n o. M. Brown, J. A. Craig, and E. E. Snell, Arch. Biochem. 27, 473 (1950). 

^ F. Lynen, E. Eeichprt,.and L. Hue!!, Ann. 574, 1 (1961). 
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in the presence of the enzyme, ATP, and acetate.^® It may be assumed that 
the fraction contained CoA as well as acetylkinase. Choline acetylase was 
inhibited or inactivated by iodoacetate.^® Thiolacetate would replace the 
ATP and acetate in this system and in acetylating systems prepared from 
brain and from Escherichia coli extracts, but not in the system obtained 
from ganglia from the head of the squid.^® Surprisingly, dimethylamino*^ 
ethanol was esterified at the same rate as was choline whereas neither 
aminoethanol nor monomethylaminoethanol was active. It is of interest 
that the acetic acid ester of dimethylaminoethanol bears no resemblance 
in biological activity to the corresponding trimethyl compound, acetyl- 
choline. Although revisions may be necessary in the present understanding 
of phosphorylations during the acetylation of choline, it is reasonable to 
assume that a failure to find changes in concentrations of either inorganic 
phosphate or in ATP®^ may be ascribed to the presence of acetyl CoA or, 
possibly, of a substance such as thiolacetate. 

The recognition of the indispensable role of a derivative of pantothenic 
acid in the metabolism of acetate involves this vitamin in the over-all 
synthesis of fatty acids from carbohydrate and, hence, in the production of 
fatty livers. The same possibility is recognized in the case of thiamine 
because of the role of diphosphothiamine in pyruvate metabolism.®^* The 
role of the vitamins of the B complex in choline-deficient animals is dis- 
cussed in Section IV, p. 33. 

The extreme physiological activity of acetylcholine makes it understand- 
able that rapid inactivation is essential as part of the mechanism controlling 
its concentration in tissues. Acetylcholine is hydrolyzed at various rates 
by miscellaneous tissue esterases and at a rapid rate by pseudocholinester- 
ase and by cholinesterase. An attempt at differentiation on the basis of 
substrate specificity has been made®^ and reports have appeared on the 
localization in tissues®® and on inhibitors®®* ^ of a specific acetylcholinester- 
ase. A more satisfactory definition of a specific acetylcholinesterase and its 
description must await the isolation and characterization of such an en- 
zyme. 
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under these conditions. Best and coworkers soon noted that the effective 
component in lecithin was choline.*"-® Betaine was also found to have 
lipotropic activity in rats. 

The use of the rat as a test animal in place of the depancreatized dog 
facilitated greatly the extension of the investigations that comprised the 
first phase of the study of the role of choline as a dietary essential. During 
the next few years the study of the relation of dietary factora to choline- 
preventable fatty livers in rats was pursued \dgorously. Best et al. noted 
the protective action of choline in diets containing added cl^olesterol**- ** 
and the protective effect of protein.*"-® Channon and cowork^rs examined 
the effect of protein and of amino acids.*"-"* Following the demonstration 
of the antilipotropic effect of dietary cystine by Beeston and ‘phannon,"' 
Tucker and Eckstein"* noted that supplements of methionine haid an oppo- 
site effect and were lipotropic. This similarity in the anti-fatty liver action 
of choline and of methionine was the first observation in the second phase 
of studies of the nutritional importance of choline, a phase that was to 
place choline in a unique position in metabolism as a source of labile methyl 
groups as well as a component of biochemically important tissue constitu- 
ents. 

In 1932 Jackson and Block"* presented the first evidence of a mammalian 
requirement of methionine in experiments in which growth was improved 
in rats by the addition of tliis amino acid to a diet low in sulfur amino acids. 
In the same year Butz and du Vigneaud"" prepared homocystine, a de- 
methylated product of methionine, by the action of strong sulfuric atnd on 
methionine, and du Vigneaud et showed that homocystine supported 
the growth of rats on a cystine-poor diet. Later, Womack et found that 
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cystine was not an indispensable amino acid as had been bdieved mnce the 
evidence of its supplementary potency presented by Osborne and Mendel 
over twenty years earlier.** The experiments in Rose’s laboratoiy showed 
the essential character of the methionine requirement*^ and that this amino 
acid was a precursor of cystine m wo.** It was evident also that cystine 
could spare the methionine requirement in so far as cystine was needed 
by the animal.*® 

The demonstration of growth-stimulating activity of homocystine in rats 
on a methionine-poor diet was difficult to understand, inasmuch as cystine 
was ineffective.®^ The explanation of the methionine-like action of homo- 
cystine was soon found to depend upon the presence of choline in the diet. 
Homocystine replaced methionine as a growth factor in young rats if the 
water-soluble vitamins were provided in the form of concentrates of milk 
and rice bran but not if purified vitamins were used.** In the latter instance 
markedly fatty livers were observed and the addition of choline to the 
mixture of purified vitamins permitted homocystine to function as a source 
of methionine.®* Choline wa^ isolated from the concentrates of milk and 
rice bran vitamins. 

The concept of transmethylation or transfer of intact methyl groups was 
established by du Vigneaud and his collaborators in a series of experiments 
in which isotopically labeled compounds were employed. Choline containing 
deuterium-labeled methyl was isolated from the carcasses of rats fed a 
choline-deficient diet supplemented with methionine containing deuterium 
in the sulfur methyl.*^ By the same procedure the methyl of creatine was 
shown to come from methionine.** In addition, the transfer of methyl from 
choline to creatine** and to methionine** occurred if labeled choline and 
homocystine replaced methionine in the diet. The transfer of methyl to 
guanidoacetic acid to form creatine, however, was irreversible.*^ *’® This im- 
pressive evidence of transfer of intact methyls was given additional support 
by the experiment in which choline was isolated after feeding rats doubly 
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labeled methionine. Within experimental error the same ratio of C?* to 
deuterium was found in choline and creatine methyls as in the sulfur methyl 
of the administered methionine.® 

At the time these studies were in progress there was no reason to doubt 
the supposed inability of the animal organism to synthesise so-called labile 
methyl, the methyl of choline and of methionine. The ease with udiich 
either choline or methionine deficiency was produced and the lease of pre- 
vention of these deficiencies by methionine or by choline and homocysrine, 
respectively, made the concept of a dietary deficiency of labile ipethyl very 
plausible. More recent findings, however, have made it necessaSry to revise 
this concept. Discussions to follow indicate that the animal oi^^anism does 
have the ability to synthesize the methyls found in choline or methionine 
but only if the diet is otherwise adequate. Furthermore, under the best 
circumstances the rate of the sjmthetic process may be limited. 

This conclusion has been reached in three tsrpes of experiments: (1) 
diets containing homocystine but devoid of methionine and of other known 
sources of labile methyl have supported the gro\Hh of rats;® - ” (2) 
deuterium-labeled choline methyl was found in the tissues of germ-free rats 
supplied deuterium-labeled water;” - ” and (3) C“-labeled choline and me- 
thionine methyls have been found after the incubation of tissue preparations 
with C'Mabeled formate.® Although there is nothing in the present evi- 
dence that questions the reality metabolic transfer of intact, methyl 
groups under certain conditions, it is necessary to distinguish carefully 
between methylation due to transmethylation and methylation due to 
synthesis of a methyl from formate. The term transmethylation will be 
used for the reactions in which intact methyls participate. The general 
designation, formate transfer, and the more descriptive terms, formate-to- 
methyl and methyl-to-formate transfer, will be employed for those reactions 
in which there is synthesis or degradation of a methyl group. In these 
instances a carton-oxygen linkage replaces the carton-hydrogen bonding, 
or the reverse, m addition to transfer <rf the carbon. 

In many in^ances the experimental data are insuflBcient to permit an 
unequivocal differentiation between the two types of methylation. Partieu- 
lariy disturbing is the difficulty in describing the series of reactions in wdiich 
a formate carton becomes a labile methyl carton. It is not possible to state 
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witii certainty whether the first appearance of the newly synthesized me%rl 
is in methionine, thetin, or choline. The bulk of evidence supports 
hypothesis that three successive methylations convert aminoethanol into 
choline. If this is the pathway of reactions for formate-to-methyl syntheds, 
an alternative reaction must exist for the direct formation of choline by 
transmethylation. Otherwise, an explanation of the appearance of doubly 
labeled methyl (C“ and deuterium) in tissue choline following the adminis- 
tration in rats of similarly labeled methionine is obscure.** In genend, the 
quantitative aspects of formate-to-methyl synthesis have been difficult to 
assess and the isotopic data may be misleading in this respect. In vivo 
experiments in which growth is the criterion show only that scsne methyia- 
tion other than transmethylation has occurred. In no instance has optimum 
growth of rats or chicks been demonstrated in the complete absence of 
recognized dietary sources of labile methyl. For this reason, it wUl be 
assumed in the following paragraphs that the requirements for growth or 
for tissue repair may create demands for methyl that, in the absence of 
adequate dietary sources, exceed the rate of production by one or more of 
the reactions in the formate-to-methyl transfer with resulting evidences of 
deficiency. Other nutrients, possibly folacin and Bh , appear to influraice 
the formate-to-methyl transfer and, possibly, transmethylation also. 

Clarification of the roles of choline, betaine, methionme, and thetin must 
await the recognition and isolation of the numerous enzymes and cofactors 
concerned with the fascinating mechanisms of methyl synthesis and methjd 
transfer. Although current findings are subject to differfflit interpretations 
and present a most complex picture, they are discussed below on the ba^ 
of a relatively simple hypothesis in which certain arbitrary and provisUmal 
iBssumptions are made. This possible oversimplification of the proUetn is 


ustified by the emphasis placed on phases that particularly require further 
nvestigation. The tentative scheme distinguishes between transmethyla- 
aon and formate-to-methyl transfer as follows: 

; (a) Methionine in its active form is the principal methyl donor for traa^ . 
bethylations resulting in the synthesis of creatine from guanidoacetic a^^' 
choline from dimethylaminoethanol, of trigonelline and N^-meth3diiiio9-: 
pbamide from nicotinic acid and its amide, respectively, and of many > 
imthyl-containing metabdites. 

I (b) Homocysteine is oemverted to methionine by accepting labile metjti^ 
Im betaine, only one of the three methyls of which is labile. ' 

I (c) Homocysteine is also cenverted to methionme by a reaetimi ' 

irmatdto-methyl synthesis, possibly with a thetin as an intdtfie<iy^ 
ptese and other rdationd^ are illustrated in Fig, I. 
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3. Nature of Methyl Donors in Transmethylation 

The process of transmethylation involves demethylation of a methyl 
donor and methylation of a methyl acceptor. Donors of intact methyl 
groups appear to be limited to methylated quaternary mtrogen and sulfo- 


Acetylcholine 



Fig. 1. Schematic representation of pathways of transmethylation, of formate- 
to-methyl synthesis, and of raethyl-to-format-e oxidation. Letters M and F repre- 
sent labile methyl and active formate, respectively. Directions of reactions are 
indicated, but reacting compounds are not shown wdth the exception of the reaction 
of homocysteine with methyl to yield methionine and with serine to yield cystathi- 
onine. A distinction is indicated between the methyls of methionine and of active 
methionine. The use of formate in the synthesis of thetin, shown by the dash line, 
is hypothetical. 


nium compounds. It is reasonable to relate lability of a methyl to its 
attachment to a nitrogen or sulfur atom which has acquired an additional 
(Mivalent bond and positive charge. The main nitrogen compounds in 
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category, in addition to choline and choline-containing compounds, are 
betaine aldehyde and betaine. Betaine was observed to be lipotropic in the 
early experiments of Best,^^ and du Vigneaud®®* showed that it yielded 
methyl to homocysteine to form methionine. Welch found betaine aldehyde 
as well as betaine lipotropic in rats^® and mice.^^ 

The known sulfur compounds that are methyl donors in transmethyla- 
tion are dimethylthetin, propio-|8-dimethylthetin, and active methionine. 
The first, an analog of betaine (sulfobetaine), was first shown to be lipo- 
tropic by Welch (cited by du Vigneaud et ‘^®), and its part in transmeth- 
ylation was demonstrated by du Vigneaud and coworkers.^® Propio-j8-di- 
meth>lthetin has been isolated from a marine alga, Polysiphonia fastigiatay 
by Challenger and Simpson.^® It supports rat growth with homocystine 
and is, therefore, a source of methyl.®®* ®^ The activity of methionine as a 
methyl donor appeared to be an exception until it was shown by Cantoni 
that it probably is converted to a sulfonium compound prior to its de- 
methylation. Barrenscheen®^ had concluded previously that the sulfoxide 
of methionine was the first intermediate in transmethylation. The formula 
provisionally assigned to active methionine, S-adenosylmethionine, by Can- 
toni, is as follows:®® 

Adeni iie — ri bose — S — C H 2 — C H 2 — C H— 

CHa NH 2 6- 

Presumably, substrate specificity is also involved because certain beta- 
ines®®* ®^ and the sulfur analog of choline, sulfocholine,®® do not donate 
methyl to homocysteine. 

It cannot be assumed that choline serves directly as a methyl donor. 
Present evidence suggests strongly that it must be oxidized to betaine 
first and that dimethylglycine rather than dimethylaminoethanol is a prod- 
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uct of the demethylation. The role of choline oxidaee in this r^ard is 
described below. 

The significance of the thetins in methyl metabolism is not clear. Neither 
has been detected as a naturally occurring intermediate in animal tissues. 
The very active dimethylthetin is the most potent known donor of niethyl 
to homocjrsteine in in vitro experiments. However, evidence that it supplies 
methyl for creatine synthesis has not been presented. Clarification of .the 
function of methylated sulfonium compounds of this type can be ccjnfi- 
dently expected because of the presence in tissues of a dimethylthetin 
transmethylase. 


4. Methyl Acceptors, Transmethylation, and Formatb-to- 

Methyl Synthesis > 

The early studies on labile methyl quickly brought to light three prime 
exampte of methyl acceptors— homocysteine, guanidoacetic acid, and ni- 
acinamide. Each of these has been widely used experimentally, and the 
first two, at least, give rise by methylation to highly important metabolites, 
methionine and creatine, respectively. It may well be that N*-methyl- 
niacinamide also is more than a urinary end product and that it represents 
some unrecognized function of the antipellagric vitamin. 

The formation of choline by the methylation of a carbon-nitrogen pre- 
cursor is obviously an indispensable reaction, but the exact nature of the 
precursor has not been as evident as in the case of the three acceptors 
nam^ above. Whether the methylation of the precursor is an obligatory 
ruction 18 also uncertain. Presumably, the substance in question is amino- 
ethanol, a molwule readily synthesized by animal tissues. 

The ^ntheris of choline in animals by transmethylation of the methyl 
of metMonme has been mentioned previously.*^. «*• *« Production of choKne 
involving formate-to-methyl synthesis is also well-estab- 
^ed but observations do not exclude the possibility that the forma- 

nin. ™ 

estoWished by 

latedS ri I. t in which labeled choline was iso- 
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radioactivity in the methyl groups of choline or of methionine isolated from 
tissues of rats after the administration of precursors indicates that an 
appreciable transfer of carbon from methanol/** ** formaldehyde,®^* 
formic acid,*’-*** *^* ** acetone,** and serine*** ** occurs. Formate is not the 
only precursor of the jS-carbon of serine, according to Kruh0flfer.®* In his 
studies rat liver homogenates transferred glycine but not formate to serine, 
although the conversion of formate to serine did occur with liver slices. 
Although no evidence has been presented for the transmethylation of the 
intact methyl group of methanol,*’ the administration of sodium deuterio- 
C^^-formate subcutaneously in the rat was followed by the isolation of tissue 
choline containing C‘^-labeled methyl with no detectable loss of deuterium.** 
This finding suggests that in the formate-to-methyl synthesis one hydrogen, 
at least, remains attached to carbon in the intermediate forms. The in- 
corporation of into the /3-carbon of serine occurs more rapidly from form- 
aldehyde than from formate or methanol,** but this is not necessarily evi- 
dence that formaldehyde is the precursor of the methyl group, Jonsson and 
Mosher** found the label in both the carbon chain and in the methyl 
of liver choline after the administration of j3-C'Mabeled serine in the rat. 

Reid and Landefeld*’ and Toporek et ** have presented evidence 
that histidine is an important dietary source of the carbon of methyl groups 
of choline and creatine. L-Histidine-2-C^^ was fed to rats, and the labeled 
carbon was found not only in tissue choline and creatine methyls but also 
in the aminoethanol portion of choline. In the work of Toporek et the 
transfer to choline was enhanced in choline deficiency both in the intact 
animal and in isolated perfused cirrhotic livers of rats with chronic choline 
deficiency. Interestingly, these authors have calculated the histidine con- 
tent of diets used by Griffith and Mulford^** and by Rose et and have 
concluded that this amino acid played an important role in their experi- 
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ments. The conversion of carbon 2 of histidine into choline methyls, pre- 
sumably by way of formate, is supported by the finding of Soucy and 
Bouthillier‘® that approximately one-fourth of the radioactivity of an hy- 
drolysate of liver protein was in the form of serine after feeding rats labeled 
histidine. The reverse reaction, the synthesis of histidine from precursors 
that include formate, has been demonstrated by Coon and Levy.*® - 
These observations are not unexpected in vdew of the earlier discovery by 
Edlbacher*®*’ of ^he enzyme, histidase, in liver and its disrupticm of the 
imidazole ring to give a product yielding formate on acid hydrolysM. 

It is significant that satisfactory proof is lacking for a methyl donor 
function for mono- and dimethylaminoethanol.*® As in the case of the re- 
ported transmethylation of methyl from sarcosine,"" unequivocal, proof 
would require double labeling of the methyl to rule out intermediaiy 
formate formation, i.e., oxidation and reduction of the carbon in (luestion. 
Du Vigneaud'®* has shown that deut erium-inethyl-labeled dimet hylamino- 
ethanol is converted in the rat into choline. This final methylation, yield- 
ing choline, is apparently an irreversible reaction, inasnuu^h as Muntz*®® 
found dimethylglycine rather than dimethylaminoethanol after the incu- 
bation of rat liver homogenate with added choline and homocysteine. Sub- 
stantial support for the conclusion that oxidation of choline to betaine 
is necessary before transmethylation occurs is provided by the observa- 
tions of Dubnoff**® and others on choline oxidase (Section IV, p. 33). 

The methylation in vivo of homocysteine, following its administration 
as such or as homocystine, is discus.sed in Section IV, p. 19. Similarly, the 
requirement of methionine in chicks is satisfied by homocystine plus 
choline*** or betaine.**® These metabolic reactions undoubtedly spare the 
requirement of methionine, and there is no reason to doubt that the methio- 
nine-homocysteine reaction may account for repeated transfers of intact 
methyl. Nevertheless, it is pertinent to emphasize the fact that homo- 
cysteine and its disulfide form are not known to occur naturally and that 
their presence in the body is dependent on the methionine intake except in 


*•* R. Soucy and L. P. Bouthillier, Rev. can. biol. 10, 290 (1951). 

*•• M. J. Coon and L. l.«vy, Federation Proc. 10, 174 (1961). 

*•* L. Levy and M. J. Coon, J. Biol. Chem. 192, 807 (1951). 

>»* 8. Edlbacher and J. Kraus, Hoppe-Seyler’s Z. physiol. Chem. 191, 225 (1930); 19S. 
267 (1931). 

**• S. Edlbacher, Ergeb. Emymforseh. 9, 131 (1943). 

V. du Vigneaud, S. Simmonds, and M. Cohn, J. Biol. Chem. 166, 47 (1946) 

*•• V du Vigne^d P. Chandler, S. Simmonds, A. W. Moyer, and M. Cohn‘, /. Biol. 
Xvvf oOo (1946), 


J. A. Muntz, J. Biol. Chem. 182, 489 (1950). 

J. W. Dubnoff, Arch. Biochem. 24, 251 (1949). 

!!! Biol. Chem. 138, 467 (1941). 

J. Almquist and C. R. Grau, J. Nutrition 27, 263 (1944). 



IV. BIOCHEMICAL SYSTEMS 


29 


SO far as either is added to the diet as a synthetic product. It is not known 
definitely if any one molecule of methionine can serve the dual function of 
supplying both methyl for transmethylation and sulfur for cysteine forma- 
tion.”® 

Borsook and Dubnoff”^ first demonstrated the in vitro synthesis of methi- 
onine from homocysteine and choline by rat liver slices, homogenates, and 
lyophilized preparations. Betaine was superior to choline as a methyl donor, 
and homocysteine to homocysteinethiolactone or homocystine as a methyl 
a(!ceptor. The reaction was independent of oxygen and of inhibitors of 
cellular oxidative reactions. These workers”® subsequently compared the 
methyl-donating capacities of choline, betaine, dimethylthetin, and propio- 
i9-dimethylthetin in rat liver slice preparations under anaerobic conditions 
and in the presen(;e of added homocysteine. Both sulfur derivatives were 
more effective than betaine, and dimethylthetin was ten to twenty times as 
effective. An enzyme was isolated in a partially purified state which trans- 
ferred one methyl from the thetins. The enzyme was present in the liver 
and kidney of rat, guinea pig, and hog but was absent from muscle, 
pancreas, and spleen. 

It appears cpiite reasonable to lielieve that methylation of homocysteine 
may involve the direct transfer of methyl from the betaine formed by the 
oxidation of choline. However, there is no certainty that homocysteine is 
methylated directly by formate-to-methyl synthesis, although this is a 
plausible conclusion. Using inhibition and dilution studies in vrhich a labeled 
methionine methyl appeared after incubation of guinea pig liver slices with 
homocysteine and C^^-formate, Berg concluded that neither choline nor 
betaine methyl was an intermediate.”® In subsequent studies with a cell- 
free extract of pigeon liver the chromatographic separation of the incubation 
mixture yielded evidence for an unidentified product formed from C^^- 
labeled formate and homocysteine.”^ Reference has already been made to 
active methionine studied by Cantoni.® It is again emphasized that such 
a compound as adenosylmethionine may represent the methyl donor struc- 
ture of methionine”*’ without necessarily being the molecule in which 
methyl first appears as a result of formate-to-methyl synthesis. Methionine 
sulfoxide has been reported to be the first intermediate in transmethyl- 
ation.** 

Stetten fed N^®-labeled aminoethanol to rats and determined the in 
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the aminoethanol and choline isolated from the respective phospholipids.®® 
The data indicated that choline was formed from the precursor without 
hindrance even though the diet was sufficiently low in sources of methyl 
to cause deposition of extra liver fat. It is reasonable to accept this finding 
as evidence of the conversion of aminoethanol to choline, but it does not 
distinguish between methylation by transmethylation and methylation 
by formate-to-methyl synthesis. The latter type of synthesis of, choline 
has been reported by Steensholt®*- and by Barrensch<lbn and 
Skudrzyk®"’ in experiments in which various fi.ssuc preparations were 
incubated with aminoethanol and either methionine or methionine sulf- 
oxide. Steensholt also concluded that n-methionine is a more efficient 
methyl donor than the natural isomer.®'* According to Veitch and Zwieig,'**' 
caution is needed in the interpretation of tissue experiments in which 
evidence of the synthesis of choline by transmethylation consists of a 
decrease in the methionine content of the medium or in the appearance of 
an othei^vise unidentified reineckate. These workers noted that a D-amino 
acid oxidase in the tissues used by Steensholt and by Barrenscheen de- 
creased the level of methionine during the incubation period without 
formation of choline. They showed, in addition that a reineckate of amino- 
ethanol was actually formed under the condition.*^®"’ in which choline 
reineckate was presumed to have been isolated. 

The methylation in vivo of guanidoacetic acid (GA) by transmethylation 
from choline and from methionine w'as demonstrated in rats by du Vigneaud 
and hie associates.*®* *• The irreversibility of the reaction has been confirmed 
by a numter of investigators.'"* The apparent inability of the ani- 

mal organism to avoid methylation of a part of a dietary supplement of 
GA makes it possible to use this means of decreasing available methyl 
groups in the whole animal.'** 

Borsook and Dubnoff reported the in vitro formation of creatine from GA 
and methionine by rat liver slices and noted that choline was ineffective 
as a donor of methyl unless homocystine was provided.'**-'** Adenosine- 
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triphosphate was indispensable for the methylation of GA by methionine 
if homogenized liver preparations were employed.^*** In this case, oxygen 
was also essential, and the reaction was affected by inhibitors of oxidative 
mechanisms. Cohen^*^' showed that homogenized liver preparaticms of 
many species, including cattle, sheep, swine, chickens, hamsters, and 
rabbits, formed little or no creatine in the presence of GA, methionine, 
ATP, and oxygen. Similar preparations from adult guinea pigs were active, 
but those obtained from embryonic specimens were active only if a member 
of the Kreb’s cycle, such as fumarate, was added to the medium. Homogen- 
ized rat liver required a pteridine derivative in addition to fumarate. 
Surprisingly, 10-formylfolic acid, aminopterin, and A-methopterin were 
almost as potent as folic acid. Attempts to replace methionine as the 
methyl donor by choline, betaine, sarcosine, formate, and other com- 
pounds were unsuccessful. Cohen prepared soluble enzyme systems by 
centrifugation of homogenized rat and guinea pig liver and observed that 
the creatine-forming activity of these preparations in the presence of GA, 
ATP, methionine, and either oxygen or nitrogen was not enhanced by 
additions of folic acid or of fumarate. It was evident, therefore, that the 
latter were not re(iuired under these conditions for the methylation of GA, 
Inasmuch as appropriate additions of mitochondria to the soluble enzyme 
system restored the need of folic acid, fumarate, and oxygen, it appeared 
that the maintenance of a high level of ATP in the presence of mitochondria 
was dependent on an aerobic process involving folic acid or another pteri- 
dine. 

Menne^’*' studied the formation of creatine in pulped muscle. Muscle 
extracts were found to contain a myosin-like apoenzyme and a heat-stable; 
water-soluble coenzyme. Atrophic and dystrophic muscles were unable to 
synthesize creatine. Conditions for creatine synthesis in muscle were also 
examined by Barrenscheen.^’^ • According to this author creatine is foimed 
in muscle by methylation directly from methionine and indirectly from 
choline with trimethylamine oxide as an intermediate. The pherase aotinl! 
on methionine was cyanide-sensitive whereas the cholmepherase was ey^^ 
anide-insensitive, Vignos and Cantoni^*® prepared partially purified frac- 
tions of a guanidoacetic acid methylpherase which were free the enzyme 
necessary for the synthesis of active methionine, 
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Binkley and Watson‘”' observed that methylphosphate was active in the 
formation of creatine from GA by liver homogenates and extr^ts but in- 
active in so far as growth of rats was concerned on diets containing homo- 
cystine in place of methionine. To what extent this ambiguous finding is 
related to the toxicity of the methylphosphate is not known. 

Trigonelline and N'-methylniacinamide may be excreted in the urine 
following the administration of niacin and niacinamide, respectivejy. Con- 
siderable species variability exists in so far as the formation and elir^ination 
of these substances are concerned, and the significance of the methj^lations 
is not known. Rats, but not rabbits or guinea pigs, excrete N‘-methynuacin- 
amide after administration of niacinamide.'*"* Growth in rats on protein-low 
and methyl-poor diets is affected by the amide if a sufficient quantity is fed, 
a result doubtless explained in part V>y loss of methyl from the body.'** 
Perlzweig et o?.**® demonstrated the synthesis of N'-methylniacinamide by 
rat liver slices and noted that the process was strictly aerobic, that intact 
cells were required, and that niacin was unaffected by the system in which 
the amide served as a methyl acceptor. These findings were confirmed by 
Ellinger,'*' who noted in addition that niacin was amidated by kidney and 
brain tissue and by liver tissue if supplementary glutamine was provided. 
This work was extended by Cantoni,'** who was able to show that 
the methylation of niacinamide does occur in cell-free preparations of rat 
liver under anaerobic conditions in the presence of methionine, magnesium 
ions, and a source of energy-rich phosphate such as ATP. I'he enzyme sys- 
tem, for which the name nicotinamide methylkinase was suggested, was 
partially purified. 

Epinephrine represents a product of transmethylation, according to 
Keller et dl}^ Following the administration of C^-methyl-labeled methio- 
nine in rats, this substance, formed presumably by the methylation of 
norepinephrine, was isolated from the adrenals. 

The methylations of dimethylaminoethanol, of homocysteine, of guanido- 
acetic acid, and of niacinamide by transmethylation appear to be of two 
types which differ on the basis of the methyl donor and according to the 
need of energy-rich phosphate bond compounds. Apparently, the presence 
of methyl-containing quaternary nitrogen or ternary sulfur groups is es- 
sential, and, for such substances, transmethylation proceeds in the absence 


F. Binkley and J. Watson, J. Biol. Chem. 180, 971 (1949) 
w* P. Handler, J. Biol. Chem. 164, 203 (1944). 

“• P. Handler and W. J. Dann, J. Biol. Chem. 146, 367 (1942) 

a^) '*”‘1 L. C. Bernheim, >. Biol. Chem. 180, 401 


ul n f (1946): «. 175 (1948). 

G. L. Cantom, J , BwL Chem, 189, 203 (1951). 

E. B. Keller, R. A. Boissonnas, and V. du Vigneaud, J Biol. Chem. Itt, 627 (1980) 



IV. BIOCHEMICAL SYSTEMS 


33 


of ATP. On the other hand, methionine must also be converted to a form 
having ternary sulfur in order to serve as a methyl donor. For its formation 
ATP is necessary, and the reaction consists in the addition of adenosine 
to methionine with the splitting out of 3 moles of H3PO4.*® Active methio- 
nine, or S-adenosylmethionine, is believed to be the donor of methyl to 
guanidoacetic acid, to niacinamide, and, probably, to ammoethanol. Ac- 
cording to the hypothesis presented earlier, homocysteine is remethylated 
with methyl from betaine, the oxidation product of choline, or with methyl 
from thetin. 

Little is known of the mechanisms and of the energetics of formate-to- 
methyl synthesis. Because of the original concept of labile methyl as an 
indispensable dietary factor, emphasis has been largely on the proof of a 
metabolic origin of methyl groups. The evidence for this is satisfactory from 
a qualitative viewpoint. However, whether the intermediate is formate, 
formaldehyde, a phosphorylated derivative of a one-cArbon molecule, or, 
possibly, folinic acid, is unknown. Of utmost importance is the identi- 
fication of the formate acceptor, for instance, in the reaction that yields 
monomethylaminoethanol. Does reduction of the carbon occur before or 
after its addition to the amino nitrogen atom? If before, is thetin the formate 
acceptor? Answers to these questions will mark a significant milestone in 
the progress of intermediary metabolism. 

5. Choline OxidawSE and the Choline-Betaine-Glycine Relationship 
a. Choline Oxidase 

The demonstrated transfer of labeled methyl in vivo from choline to homo- 
cysteine gives no clue to the intermediate steps between the original donor 
and the final acceptor. Several lines of investigation have supported the 
hypothesis that the methyl of choline becomes a labile methyl only after 
the oxidation of the alcohol, choline, to the acid, betaine. The presence of 
an oxidizing enzyme, a choline oxidase, in tissues was first suggested by 
Bemheim and Bernheim,'^ who observed an increase in oxygen uptake when 
acetylcholine was added to liver and kidney extracts of rat and cat. Guinea 
pig liver was found to be inactive in this respect. The fact that choline was 
oxidized by tissues was confirmed by Trowell,^*® using liver slices, Mann 
and QuasteP^* isolated the oxidation product of choline as the reineckate 
and identified it as betaine aldehyde. Some evidence was obtained that 
betaine aldehyde was also oxidized by rat liver slices and rat liver or kidney 
extracts, though at a much slower rate than choline. It was suggested that 
the oxidation product in this case was betaine. 
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Bernheim and Bernheim'^ prepared a choline oxidase extract of rat liver 
and showed that it was distinct from the enzyme which oxidized ethyl 
alcohol. The oxygen uptake and the properties of the end products indi- 
cated that at pH 6.7 choline was oxidized to betaine aldehyde with the up- 
take of one atom of oxygen. At this pH betaine aldehyde was oxidized fur- 
ther at a very slow rate, whereas at pH 7.8 the aldehyde was oxidized 
rapidly to betaine, presumably by another enzyme system. The above 
workers found the oxidase system in the liver and kidney of the rat but 
failed to find it in blood, brain, or muscle. ^ 

Klein and Handler*^^ were able to show that the oxidation of betaine 
aldehyde required diphosphopyridine nucleotide, but that of choline did 
not. In the presence of the nucleotide, betaine aldehyde was also cuddized 
by preparations of rat kidney, brain, and muscle, the activities of these 
tissues compared to liver being 0.33, 0.13, and 0.10, respectively. 

Mann and his eoworkers'^ observed that arsenocholine, like choline, is 
oxidized to the corresponding aldehyde by the choline oxidase of rat liver. 
The substitution of nitrogen by arsenic reduces the affinity of the enzyme 
for the substrate. According to these authors the choline oxidase system 
consists partly of a dehydrogenase. This was showm by the fact that rat 
liver extracts, in the presence of choline or arsenocholine, rapidly reduce 
sodium ferricyanide under anaerobic conditions. It was also observed that 
choline oxidase in the presence of choline or arsenocholine reduces cyto- 
chrome c at room temperature. 


An apparent phosphate requirement for choline oxidase activity was ob- 
served by Angel and Miller When rat liver homogenates were prepared 
with phosphate, veronal, and citrate buffers at pH 7.8, the choline oxidase 
activities of the suspensions in citrate and veronal buffers were 18% and 
50%, respectively, of that in the phosphate buffer. Addition of phosphate 
to citrate and veronal suspensions stimulated the oxidase activity by 25 
to ^%, r^i^tively. The phosphate continued to stimulate the choline 
oxidase activity in the presence of dinitrophenol (10** M). 

The requirements of the rat liver choline oxidase system in whole liver 

hom^Mto have been studied by Williams et af.,»o who investigated the 

^ oxidation of choline by homogenates of rat fiver. Only 
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in activity thereafter. From data obtained by these workers on K Vmrni ite 
incubations it appeared that, if two enzyme systems with different pH 
optima for their activities were involved, the over-all activity in'whc^ 
rat liver homogenates was the same for the three pH values emi^ed. 
Since Williams and his coworkers'*” were interested in developing an assay 
system for total rat liver homogenates, they also studied the product in- 
hibition of the choline oxidase system. It was noted that the oxidation of 
betaine aldehyde to betaine occurred at a much idower rate than the oxi- 
dation of choline alone and that betaine aldehyde apparently inhibited the 
oxidation of choline. Although betaine aldehyde was a potent inhibitor of 
choline oxidase, betaine had no effect upon the oxidation of choline. Further 
experiments showed that for the first 10 to 12 minutes oxidation of choline 
proceeded linearly and that, as betaine aldehyde concentrations increased, 
the rate of choline oxidation gradually decreased. Therefore, the first 10- 
minute interval can be used as a measure of choline oxidase activity wi&out 
interference from the inhibitory action of betaine aldehyde or its aloww 
rate of oxidation. The requirements of the system for added c 3 rtochr(»ne c 
and for diphosphopyridine nucleotide were investigated also, and it was 
concluded that for adequate assay no additional cofactors were necessary. 
On the basis of the above findii^ Williams et ai.“® described an assay system 
for measuring choline oxidase activity in total liver extracts. Their data 
showed that rat liver choline oxidase is remarkably constant for comparable 
animals. Niacinamide strongly inhibited the activity of the oxidase (^3rstem 
under all conditions. Both niacinamide and diphosphopyridine nuc^tide. 
inhibited the activity of the oxidase system in total liver extracts. 

Further studies by Williams on the mechanism of the metabdiam of 
choline and betaine aldehyde have shown that the latter metab<dite can be 
converted to betaine either aerobically or anaerobically, whereas choline 
oxidase appears to be an oxygen-requiring system. 

Early studies on the intracellular distribution cS the compmients iff the 
choline oxidase system were made by Lan,***®- who ^ed to find any 
preciable amount of the oxidase activity in isolated nuclei (ff rat livcsr ce&. 
S^nsler and Langemann found 78 % of the<Hcidase activity in the mitodtoh- 
drial fraction of rat liver preparations and also demonstrated that the addi-, 
tion of succinate greatly reduced the oxidation of choline by tissue home^ 
nates, presumably because of saturation of proton and electron acc^pitors.***' 

OiHicentration of choline oxidase activity in mitochondria was cqnifiro^ 
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in extensive studies by Williams.^*® A potent heat labile inhibitor of choline 
oxidase was found in the supernatant fraction. These studies also showed 
that the betaine aldehyde oxidase activity of the supernatant fraction can 
be considerably increased if diphosphopyridine nucleotide is added. The 
nuclei and microsomes are unaffected by addition of this nucleotide. 

Although choline oxidase activity has been found in the livers and kidneys 
of rats, chicks, rabbits, dogs, and monkeys, most of the in studies 
on this enzyme system have used tissues of the rat. It has been shown that 
choline oxidase in the rat liver is cyanide-sensitive and that it is readily 
inhibited by copper and phenylhydrazine.*®® Barron and Singer'®^ have 
classified it in the group of sulfhydryl enzymes. Choline oxidase loses its 
activity at a fairly rapid rate if partially purified. The rate of loss, which is 
that of a first-order reaction, is more rapid at pH 6.7 than at 7.8. Cystine 
and semicarbazide increase the rate of inactivation both in pre^nee and 
absence of choline. Nickel, cobalt, and iron salts not only increase the in- 
activation rate of the enzyme but also combine reversibly with a group on 
the enzyme to inhibit it.^®® Halogenated alkylamines are powerful inhibitors 
for choline oxidase.^®^ Among these is the nitrogen mustard, methylbis- 
(/3-chloroethyl)amine, which irreversibly inhibits choline oxidase. Colter 
and Quastel^«2 observed that benzedrine, ephedrine, tyramine, methylamine, 
aminoethanol, and histamine not only reversibly inhibit choline oxidase 
but also prevent the irreversible inhibition by the nitrogen mustard. 

The enzyme in rat liver which oxidizes choline was named choline de- 
hydrogenase by Bargoni and Di Bella.^®® Its activity was ascribed to free 
amino and carbonyl rather than to mercapto groups. The enzyme shows 
no color with mtroprusside nor ^^ith Grote’s reagent and is inhibited by 

by malonate. The dehydrogenation system involves the 
oxidation of reduced cytochrome c. 
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Evidence was presented by Williams'®® demonstrating a positive con- 
nection between the choline oxidase system of rat liver and the probable 
precursors of the Leuconosioc dtrovorum factor (LCF) as well as LCF itself. 
It was shown that when ascorbic acid and folic acid were incubated with 
rat liver homogenate small but significant stimulation of the choline oxidase 
system was observed. This effect was more pronounced in rats fed 
aminopterin. Since aminopterin is believed to inhibit the conversion of folic 
acid to LCF,'®® Williams'®® postulated that the stimulatory effect of the 
folic acid and ascorbic acid added in vitro was due to the enzymatic con- 
version of these substances to LCF, which was actually responsible for 
stimulation of the enzyme system. In work that followed, Williams'®’ studied 
various combinations of factors related to LCF, e.g., folic acid, ascorbic 
acid, vitamin B12, and synthetic LCF itself in relation to choline oxidase. 
This work was done with a modified enzyme system containing homocys- 
teine which amplified the effects of the above factors. The results of this 
investigation showed that folic acid, Leiiconostoc dtrovorum factor, vitamin 
Bi 2, and ascorbic acid individually or in combination markedly stimulate 
choline oxidation in the liver homogenates of rats fed aminopterin. Only 
ascorbic acid and folic acid were found to stimulate choline oxidation in 
normal rat liver homogenates. The stimulation by these factors was ob- 
serv’^ed to be much more marked in aminopterin-fed rats. 

Williams et aZ.'®’* subsequently noted that folic and folinic acids in whole 
liver and in isolated mitochondria were markedly decreased in folic acid 
deficiency in rats. Aminopterin-fed animals showed a similar decrease in 
folinic acid, but there was no effect on the folic acid content of the liver or 
of the mitochondrial fraction. The loss in choline oxidase activity in the 
latter fraction paralleled the disappearance of folinic acid, and it was con- 
cluded that this substance rather than folic acid was involved in the main- 
tenance of choline oxidase activity. 

The influence of several dietaiy factors on tissue choline oxidase has been 
reported. The removal of folic acid from the diet of the monkey or the 
administration of aminopterin to this animal eliminated most of the eholme 
oxidase activity from the liver and kidney.'®’ Further studies disclosed 
that aminopterin-treated chickens did not exhibit the choline oxidase ac- 
tivity normally found in bone marrow,'®® and that livers from folic acid- 
deficient chicks oxidized choline at a reduced rate.'®® Chick kidney choline 
oxidase was not found to be significantly reduced in folic acid deficiency. 

J. N. Williams, Jr., J, Biol, Chem. m, 123 (1961). 

C. A. Nichol and A. D. Welch, Proc, ^c, ExptL Biol, Med. 74, 52, 403 (1960), 

J. N. Williams, Jr., J. Biol, Chem, 192, 81 (1961). 

J. N. Williams, Jr., A. Sreenivasan, Shan-Ching flung, and C. A. ElveJ^em, J, 

Biol, Chem, 808, 233 (1963). 

J. S. Dinning, C. K. Keith, P. L. Davis, and P. L. Day, Ardi. Biochem., Wtp 89 

(1960). 
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Williamfl”® observed that rats fed aminopterin exhibit a concentration 
of liver ascorbic acid which is less than 50 % normal, suggesting that folic 
acid is probably involved in ascorbic acid synthesis in the rat. His work 
indicated that, whereas high levels of ascorbic acid in liver extracts stimu- 
late the choline oxidase system, low levels of this vitamin added in vitro 
actually inhibit the oxidation of choline. On the basis of these observations 
Williams postulated that the low ascorbic acid concentration in %he liver 
of rats fed aminopterin may help to explain some of the previous pbserva- 
tions on the low choline oxidase activity of livers of those rats. 'J, 

Choline oxidase activity was greatly depressed in the fatty liver of rats 
on a low methionine diet."* It was suggested that the oxidase inhibition may 
be due to the increased lipid content of the liver, since fatty acids have been 
shown to be inhibitory to the system.*** The importance of the choline oxi- 
dase system in the development of fatty livers caused by choline deficiency 
is suggested by the observations that guinea pigs which lack the enz3nne 
system cannot be made to develop fatty livers very readily'” and that 
hamsters which have some enzyme but much less than rats do not accumu- 
late as much liver fat on a deficient diet as do rats.'” A lack of the enzyme 
system can be considered an advantage when minimal amounts of choline 
are present for fat transport and metabolism, and the suggestion has been 
advanced that it is the diminished choline oxidase activity which permits 
the existence of a normal hepatic choline concentration (as phospholipid) 
despite a dietaiy choline deficiency.'^' - The work of Dubnoff*'* and 
Muntz'*' showed that the choline oxidase system also plays an important 
role m transmethylation reactions. However, a mechanism must exist in 
the gumea pig for the catabolism of choline. Dubnoff injected C'*-me(hvl- 
labd^ choline and betaine intraperitoneally into this animal and found 
that both contnbu^ to labeled expired carbon dioxide as well as to labeled 
but the ratio of utilization of betaine methyl to choline methyl urns 
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of choline oxidase activity The oxidase S3n9tem was not influenced by a 
deficiency of vitamin B 12 in the chick^^® or by thiamine, vitamin E/®® or 
histidine^®^ deficiency in the rat. Intraperitoneal injection of urethane ks 
well as x-irradiation of mature hens reduced the bone marrow choline oxi- 
dase.^®® Whole body x-irradiation of adult male rats with a dosage of 200 
r. appeared to decrease liver choline oxidase activity, but the effect was 
uncertain in view of the marked increase in endogenous respiration,^** The 
enzyme was poisoned by high oxygen tensions, probably due to its depen- 
dence on its sulfhydryl groups.^*^ The injection of thyroxine had no effect 
on the oxidase activity of the rat.^** 

Swendseid ei showed that the feeding of ethionine (S-ethylhomo- 
cysteine) to rats decreased the choline and sarcosine oxidases but not the 
succinoxidase of the liver. This possible antagonist of methionine also 
inhibited choline and sarcosine oxidases in vitro in homogenized prepara- » 
tions, but the effect was absent if the preparation was dialyzed btfore its 
addition. Neither methoxinine nor methionine sulfoximine inhibited choline 
oxidase in the in vitro studies. 

In summarizing the discussion of ^^choline oxidase,” it is pertinent to 
emphasize that, with few exceptions, the term has not referred specifically 
to either of the dehydrogenases that convert choline to betaine aldehyde 
and the aldehyde to betaine but has included the system responsible for the 
transport of protons and electrons through the cytochromes to oxygen. 
The two dehydrogenases appear to be different enzymes, although both‘ 
occur in liver mitochondria. They may be separated on the basis of the 
greater solubility of the betaine aldehyde dehydrogenase.^*®^ Each is esti- 
mated by the anaerobic reduction of ferricyanide in the presence of the 
respective substrate, choline or betaine aldehyde. Strength et believe 
that both enzymes are DPN-linked, although the necessity of DPN for 
the action of choline dehydrogenase has been questioned.^*® Folinic acid^^® 
and riboflavin^^*’ appear essential for the dehydrogenation of choline. 
Ebisuzaki and Williams^*®^ demonstrated the importance of flavin adenine 
dinucleotide (FAD) for liver choline oxidase activity, especially in prepara- 

»» M. B. Gillis and R. J. Young, Poultry Set. 30, 468 (1951) . 

E. Egana, PubU, lah. med, explL din. med. Univ. Chile 127 (1946). 

E. L. Hove and J. O. Hardin, Proe. Soc, Exptl. BioL Med. 78, 858 (1951)* 

J. W. Bothwell and J. N. Williams, Jr., J. BioL Chem* 191, 129 (1951). 

J. S. Dinning, I. Meschan, C. K, Keith, and P, L. Day, Proc. Soc, ExpU. BioL 

ilfed. 74, 776 (1950). 

H. O. Kunkel and P. H, Phillips, Arch, Biodhem, and Biophye, 87> 366 (1952). 

F, Dickens, Biochem, J, 40, 171 (1946), 

R. L. Smith and H. G. Williams-Ashman, NtUure 164, 457 (1949), * . , 

M. E. Swendseid, A. L. Swanson, and F. H. Bethell, J, Bid, Chetn, 808 (1983). 

Strength, J. B. Christensen, and L, J,, Daniel, J, BioL Chem. ^iEt^ 63 
^ K. Ebisuzaki and J. N. Williams, Jr., /, BioL CAem.SOO, 297 (19^) « 
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tions from riboflavin-deficient rats. These workers believe that FAD func- 
tions in the hydrogen transport system prior to the participation of cyto- 
cKrome c. 

6. The ChoUne-Betaine-Glydne Relationship 

The evidence appears indisputable that choline serves as a source of 
labile methyl by irreversible oxidation to either betaine aldehy<^e or to 
betaine. Whether the aldehyde or the acid is the methyl donor is ui^nown, 
although in Fig. 1 it is assumed that it is betaine which is demethylated 
initially. If it is not, its reduction to the aldehyde must occur viit^ gr^t 
rapidity. In any event, glycine is the product of the complete demeth^lation 
of the choline molecule, and the di- and monomethyl derivatives of glycine 
are logical intermediates in addition to glycine. 

Stetten administered N'Mabeled ethanolamine, choline, glycine, and 
betaine singly to rats and later isolated the first three compounds from 
tissues. On the basis of the extent of labeling in the isolated materials he 
concluded that glycine and ethanolamine were intermediates between be- 
taine and choline*** and that the major route of demethylation is the con- 
version of betaine to glycine, a precursor of ethanolamine. '** Definite 
evidence that choline is not demethylated was the finding of methionine 
and labeled dimethylglycine, not dimethylaminoethanol, after incubation 
of a rat liver homogenate containing homocysteine and N “-labeled 
choline.*®* 

The proof of the transfer of one intact methyl group, at least, from the 
product of oxidation of choline, either betaine aldehyde or l)etaine, is im- 
pressive. Following the feeding of deuteriomethyl-labeled choline to rats, 
methionine and creatine containing deuteriomethyl groups were isolated 
from tissues.** This transmethylation occurred regardless of a dietaiy need 
of methionine, indicating that the reaction was one of those characterized 
by Schoenheimer as an “automatic and non-interruptable biochemical pro- 
c^.”*** That betaine is a source of labile methyl in the sense commonly as- 
cribed to the choline methyl has long been known.*' - *’*• »»»• '» Signifi- 
cantly, betaine is not a complete replacement for choline in the chick which 
is i^ble to form monomethylaminoethanol from aminoethanol. It is not 
antiperotic, for instance, a function which appears to depend upon the in- 
corporation of choline or of a similar molecule, such as arsenochdine, into 
phospholipids.*** 


*•• D. Stetten, Jr., J. Biol. Ckem. 188, 437 (1941). 

*•» D. Stetten, Jr., J. Biol. Ckem. 140, 143 (1941). 

A, R. Moss and R. Schoenheimer, J. Biol. Ct^m. 188. 415 fioioi 
*•* A. P. Platt, Bioehem. J. 88, 605 (1939). 

J. Biol. Chem. 185, TSi (19«)) 
,«* T, H. Jukes, J. Niantion 80, 445 (1940). 
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The series of reactions pictured in Fig. 1 indicates that only one methyl 
of betaine takes part in true transmethylation, the remaining two being con- 
verted to formate. Needless to say, the nitrogen is no longer quaternary 
after the first demethylation. High radioactivity in the |9-carbon was found 
in serine isolated from livers of rats after the administration of choline with 
C'Mabeled methyl groups, thus demonstrating the conversion of one. 
methyl, at least, to formate.'” The in vitro production of formate from the 
methyls of choline has been demonstrated by Siekevitz and Greenberg in 
experiments in which rat liver slices were incubated with similarly labeled 
choline.” These authors concluded that the nitrogen-methyl carbons of 
choline and the a-carbon of glycine are specific formate donors in the syn- 
thesis of serine from glycine. 

The contrast in the roles of betaine and of dimethylglycine in trans- 
methylation is clearly illustrated in the experiments of du Vigneaud el al. 
in which N'*-deuteriomethyl-labeled betaine and deuteriodimethylglycine 
were fed to rats.'® Negligible labeling of tissue choline and creatine occurred 
in the latter instance, whereas significant labeling with deuterium did oc- 
cur after the administration of betaine. Little of the nitrogen of betaine 
appeared in choline and creatine, showing that there had been no direct 
reduction of betaine to choline. Oginsky'” found more methionine formed 
from homocystine and betaine by a rat liver homogenate than from homo- 
cystine and choline. 

The degradation of monomethylglycine, or sarcosine, has been studied 
in several laboratories. Conversion to glycine was noted by Abbot and 
Lewis in rabbits which excreted increased amounts of hippuric acid follow- 
ing feeding of sarcosine and benzoic acid.'” The failure to observe a similar 
effect of dimethylglycine and of betaine may be due possibly to a slower 
rate of demethylation of these substances to the monomethyl derivative. 
Bloch and Schoenheimer observed glycine formation in rats fed N'*-labeled 
• sarcosine,'** and Handler e< al. demonstrated the conversion of dimetiiyl-, 
glycine and of sarcosine to glycine and f<Hmald^yde in rat liver h<miog- 
enates.'** Mackenzie isolated C‘*-formaldehyde as the dimedon derivative 
from preparations containing rat liver homogenates or dices and labded 
sarcosine.'” Labeled formic acid and carbon dioxide were also identified. 
According to this worker formaldehyde from metiiyl carbons oi betaine 
is a normally occurring metabolite, as is sarcosine. 

The formation of serine by the addition of formate to glycine, with the 

W. Sakami, J. Biol. Chem. ITO, 496 (1949). 

E. L. Oginaky, Arch. Bioehem, M, 327 (1960). 

L. D. Abbot, Jr. and H. B. Lewis, J. BwJ. CAem. m, 479 (im. 

K. Bloch and R. Schoenheimer, J. Btoi. CAsm. IM, 99 (1940) . 

»• P. Handler, M. L. C. Bemheim, and J. R. Kkin, /. Biol. Chem. m. 211 (IMlV. 

C. G. Mackenzie, J. flwl. CAsm. 186, 361 (1960). 
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formate becoming the /3-carbon of the new serine molecule, appears defi- 
nitely established. In in vitro experiments with rat liver homogenates, 
Winnick et oZ.'“ isolated carboxyl-labeled serine after addition of C>«-cm- 
boxyl-labeled glycine and serine labeled in the a- and /S-carbons after addi- 
tion of C‘^-a-carbon-labeled glycine. Following the feeding of C‘»-carboxyl- 
labeled glycine and radioformate (C**) to rats, Sakami‘*» isolatjied serine 
from liver tissue and found C'“ in the serine carboxyl group and the 
0 position. Confirmatory evidence for the formation of serine froii| glycine 
was supplied by Greenberg and his coworkers as a result of in vivf studies 
in rats*®® and in vitro experiments with rat liver slices.*®* Ehrensvar^ et 
noted a rapid conversion of C‘*-carboxyl-labeled glycine to serine b^ yeast. 

Serine is also a source of formate, possibly by reversal of the reaction in 
which formate is added to glycine. Shemin*®* isolated hippurie acid after 
the administration of benzoic acid and C‘*-carlK)xyl-labeled, N“-labeled 
serine in rats and guinea pigs and found the same N*® .-C** ratio in the gly- 
cine component as in the serine. C*®-formate is produced from C‘*-/3-carbon- 
labeled serine by rat liver in in vitro experiments.’®* 

The mechanisms of the glycine-serine reactions are not known. Shemin*®* 
su^ested the possibility of a removal of two hydrogens from the /3-position 
of serine with the formation of a-amino-/3-ketopropionic acid as the immedi- 
ate precursor of glycine and formic acid. On the other hand, a serine dehy- 
drase has been reported in mouse*®* and rat liver.*®® In the latter instance 
a-aminoacrylic acid was postulated as the product of the removal of water 
from the /3-carbon of serine. Ratner et o/.*®* have prepared a glycine oxidase 
from liver and kidney of several speiues. Its prosthetic group is 
flavin adenine dinucleotide, and the enzyme converts glycine to glyoxylic 
acid plus ammonia and sarcosine to glyoxylic acid plus metbylamine. 
Paretsky and Werkman*®* concluded that formaldehyde is an intermediate 
in the disrimiliation of glycine by Achromobacter. 

The evidence is clear-cut also for the decarboxylation of serine to amino- 


‘••T. Winnick, 1. Moring-Claetwon, and D. .M. Greenljerg. J. Hiol. Chem. IT#, 127 
(1948). 

*»* W. Sakami, J. Biol. Chem. 176, 996 (1948). 
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M6, 789 (1947). 
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ethanol. Stetten** fed N“-labeled serine to rats and found the N“ in tissoe 
phospholipids and proteins, in C3nstine, and in aminoethanol. Levene and 
Tarver*®* observed a rapid uptake of C“-|8-carbon-labded serine in tissue 
proteins and the appearance of the in aminoethanol in rats fed the 
labeled serine. Similiar evidence has been presented by other workers.** • *® 
**• *‘® In the experiments of Weissbach et of.,*'® rats fed serine, doubly labeled 
by C** in the /S-carbon and by N‘®, converted the amino acid into choline- 
containing C** in the alcoholic carbon and N**. This would be expected by 
the decarboxylation of serine to aminoethanol and by the methylation of 
the latter. 

In so far as the carbon chain of choline is concerned, the evidence is 
strong for a cycle as described in Fig. 1. In theory at least, the nitrogen- 
carbon combination of choline might remain in the cycle ind^nitely, but 
with each complete series of reactions a new second carbon would enter the 
cycle, entering as the jS-carbon and leaving as carbon dioxide from the car- 
boxyl carbon of serine. As far as is known the glycine-serine reaction is the 
only reversible reaction of consequence among those concerned witli the 
carbon chain of choline (compounds 1 to 10, Kg.l). 

6. Oxidation or Methyl Carbons 

The rapid appearance of radioactive carbon dioxide in the eiqpired air 
of rats after the feeding of C**-methyl-labeled methionine clearly demon- 
strated the oxidisability of the labile methyl group.*** A similar result fol- 
lowed the intraperitoneal injection of C**-labeled choline, betaine, 
dimethylthetin, and dimethylpropiothetin.******* In each of the latter erqxHti- 
ments the highest level of radioactivity of carbon dioxide was found in the 
first 4-hour period. Less choline was oxidized, but this may only have bwn 
a reflection of its normal use in lecithins and in other metabolites. Beferende 
has already been made to the appearance of the labeled /S-carbon ctf serine 
after administration of methyl-labeled choline or methionine. For this rea- 
son, it is reasonable to assume, as indicated in Fig. 1, that formate is 
intermediate in the catabolism of a labile methyl and that the formate car- 

*»• D. Stetten, Jr., J. Biol. Chem. 144, 601 (1942). 

M. Levine and H. Tarver, J. Biol. Chem. 184, 427 (1960) . 
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•» C. G. Mackenzie, J. P. Chandler, E. B. Keller, J. R. Raehele, N. Cross, D..B, 
Melville, and V. du Vigneaud, J. Btol. CAem. 168, 767 (1947). 
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du Vigneaud, J. Biol. Chem. 180, 99 (1949). 
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bon may be completely oxidized or built into serine or any other formate- 
accepting anabolic product depending on a diversity of metabolic factors. 
The demonstration of the loss of labile methyl groups by oxidation makes 
understandable the continuous need of the organism for replacement meth- 
yls. 

7. Other Aspects op Methyl Transfer and Oxid-aticIn 

Dimethylsulfone has been isolated from beef blood**® and adrenal kortex®'* 
and from the plants Equisetum pcUusire, E. ammue, and E. hyemme.^” ■ 
Inasmuch as so little is knoAvn about the intermediate steps in the', oxida- 
tion of sulfur, it cannot l)e said that this compound is not a normal inter- 
mediate. However, it appears most unlikely that it is important in trans- 
methylation. Smythe demonstrated the formation of hydrogen sulfide from 
cysteine by liver slices and suggested that it might be a precursor of the 
sulfone.*'* 

The chemical mobility of one methyl group in betaine, at least, was ob- 
served by Willstatter at the loginning of the century.*®" If heated to 300° 
it is converted in part to the methyl ester of dimethylaminoacetic acid. 
Challenger el al. extended this observation to include the transfer of methyl 
from betaine under the influence of heat with the formation of dimethyl 
derivatives of selenium, tellurium, and sulfur from selenite, tellurite, and 
sulfite, respectively.*** • *■* It was also demonstrated that the heating of 
betaine with aromatic primary amines such as aniline, p-toluidine, or 
/S-naphthylamine resulted in a transfer of methyl and the formation of the 
corresponding monomethyl derivatives. Dimethylthetin also yielded the 
methyl ester of thiomethylacetic acid on heating.*®* 

Methylation of selenides and tellurides in the animal organism has been 
controversy since the original report by Ilofmeister in 
1894. The excretion in expired air of a volatile selenide or telluride has 
not been questioned, but proof that the substance in (juestion w-as a methyl 
denvative has been unsatisfactory. However, McConnell and Portman haVe 
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identified dimethylselenide and measured its excretion following the ad- 
ministration in rats of sodium selenate containing radioselenium.^‘ 


V. Specificity of Action 

WENDELL H. GRIFFITH and JOSEPH F. NYC 

The following discussion deals with speoificdty of action of choline in the 
animal organism. Certain aspects of this problem in microorganisms are 
included in the secition on biogenesis (Section VI). 

Inasmuch as choline can be synthesized in vivo, the recognition of a 
choline-like action in another compound depends in large part on whether, 
or not the compound in question is used with greater facility than choline 
can be synthesized. The characteristic effects of choline are its role as a 
potential source of labile methyl and its complex function as a constituent 
of phospholipids. These properties are measured, respectively, by the rate 
of growth of rats on diets containing homocystine but devoid of methionine 
and by the prevention of increases of hepatic lipids in rats deprived of 
choline. I’resumably this latter property may be ascribed to phospholipids 
such as lecithin which may also be responsible for the prevention of renal 
lesions in young rats and of perosis in chicks and turkey poults and for 
stimulation of grow'th in the young fowl. Although the specificity of choline 
as a source of labile methyl or of phospholipid is high, it shares these proper- 
ties to a limited extent. Pertinent data are shown in Tables III to VI which 
are expanded from the material reported by Moyer and du Vigneaud.* 

As indicated earlier (Section IV, p. 1 9), the lability of a methyl is related to 
its attachment to a nitrogen or sulfur atom which has acquired an addi- 
tional covalent bond and positive charge. In addition to compounds con- 
taining preformed choline that may lie liberated by hydrolysis (Table III) 
and to compounds with sulfur methyls and “onium” sulfur (Table IV), the 
only substances known to be in this category are betaine and dimethyl- 
ethy!-/3-hydroxyethylammonium hydroxide or monoethylcholine (Tables 
V and VI). This represents a high degree of specificity, indeed, and it 
appears that conversion to glycine betaine or to a very similar structure is 
a prerequisite for choline activity in substances of this type. It is clearly 
evident, however, that the presence of a methylated quaternary nitrogen 
in betaine is not the sole factor governing specificity ^cause betaines of 

E. P. McConnell and 0. W. Portman, J. Biol. Chem, 196, 277 (1962). 

* A. W. Moyer and V. du Vigneaud, J. Biol. Chm. US, 873 (1942). 
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TABLE III 


Biological Activity ok Choline and of Some of Its Debivativbs 


- 


Prevention of 






Renal 

Fatty 


Growth with 

Compound 

Perosis 

lesion 

liver 

Fowl growth 

homocystine 

Choline 

4.2.8 


4 -^ 

4.3. 3 . « 

■ 

Phosphorylcholine 





- +■ 

Lecithin 



4 * 

4 » 

Choline sulfate 


—.10 




Arsenocholine 

4.2.3 

4.10, 11 

4.12, 18 

.43, 14 

\_u 

\ 

Phosphocholine 


^.10 

4 « 


Sulfocholine 


4.I6 

4.16 


Li6 

Monoethylcholine 

4.8. H 

-^10, 11 

41 

4 - 3 . 14 

4 * 

Diethylcholine 

4.3, 14 

4.10, 11 

4 ” 

— 3 . 14 

— 15 

Triethylcholine 

— 8. 14 

4.10, 11 

4 - 17 . 18 

— 8. 14 

— 7 

Tripropylcholine 


— 10 

— 10, 18 



Homocholine 



4 18 


— 1 

Triinethyl-/ 3 -hydroxypropyl- 
ammonium hydroxide 

Diet hylme thy l-/3-7-dihy- 


— 10 

— 19 


— 1 

droxypropylammonium 

chloride 






Choline methyl ether 



— 20 



/ 3 -Methylcholino 

db^ 

4.10 

— 8 

— 3 

— 15 

/ 3 -Methylcholine ethyl ether 
a(,a>Dimethylcholine 



— 8 

— 8 

— 21 

a-Methyl-jS-phenylcholine 



— 8 
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TABLE IV 


BioLoatCAL Activity of Mgtbionine, of Diubthylthetin, and of Some Othsb 

S-Alkyd Compounds 


Compound 

Perosis 

Prevention of 

Renal 

lesion 

Fatty 

ever 

Fowl growth 

Growth with 
homocystine 

Methionine 

— 22 


423 

— 22 


Methionine sulfoxide 





Homomethionine 





— 1 

Ethionine 






Dimethylthetin 


4.10 

410. 21 


4.2ft 

Me thyle thyl the ti n 


4.10. 2ft 

426 


4.2ft 

Diethylthetin 


_10. 26 

— 10. 2ft 


— 2i 

Dimethylpropiothetin 


42ft 

42ft 


4 . 2 fi 

S-Methylcysteine 


424, 25 


— 1, 1ft 

S-Ethylcysteine 


4.24 



S-Methylthioglycolic acid 


-«26 



— 2 S 


TABLE V 




Biological Activity of Betaine and op Some op 

Its Derivatives 



Prevention of 







Fatty 

Fowl 

Growth with 

Compound 

Perosis 

Renal lesions 

liver 

growth 

homocystine 

Betaine 

— 2. 8 

4.10, 11, 27 

428 

— 2 

-f’ 





zfc* 


Arsenobctaine 


—.10 

— 8 


— I 

Phosphobetaine 



— 8 



Triethylbetaine 



— 22 



Betaine aldehyde 

— 8 

4.10 

■f* 

4,8.20 


Betaine aldehyde acetol 






a- Alanine betaine 


_Sft 

— 10 


— 1 

^-Alanine betaine 





Toxic^ 

Cystine betaine 



4.24 


—1 

Glutamic betaine 


.-21 

— 21 



Serine betaine 


— 23 

— 30 



Threonine betaine 



— 10 



Allothreonine betaine 



— SO 



Ergothioneine 



— 31 


— t 

Btachydrine 






Trigonelline 



— 1 


— i' . 
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other amino acids appc^ar unable to serve as methyl donors (Table V). 
Furthermore, sulfocholine is also negative in this respect, despite the great 
activity of similar sulfur methyl groups in the thetins. 

As far as is known, the attribute of being a methyl donor also confers 
on a molecule the function of serving as a precursor of the methyl portion 


TABLE VI 

Biological Activity of Various N-Alkyl and Related Compounds 


Prevention of 


Perosis 


Renal lesions 


Fatty 

liver 


Fowl browthwith 

growth Npmocystine 


4.6, 33 


4 > 10 , 34 


Compound 

Trimethylamine oxide 
Trimcthylammonium 
chloride 

Trimethylethylammoniiim 
chloride 

Tetrameth 3 daininonium 
chloride 

Trimethylphenylammoiiiuin 
chloride 

Tetra>/3-hydrox.yet hylam - 
monium chloride 
Monomethylamiiiocthanol 
Dimethylaminoethanol 
Monomethylgl 3 ’'cine 
Dime thy Igly cine 
Dimethylglycine methyl 
ester 
Creatine 
Creatinine 
Caffeine 
Methanol 
Neurine 

® In presence of betaine and Bu . 

In presence of Bn . 

of chohne. On the other hand, derivatives of choline are known that may 
m the synthesis of lecithin Imt lack the methy l donor characteristic 

« T w Huntsman, J. Physiol. {Ijondon) 76. 405 (TwgT 

L I' S' Moyer and V. du Vigneaud ref 1 

" C H Tt n Chem. 188, 10»'{1940)! 

• T. *. Tw».«d. J. P. Ch„dl„, „d A. W. Mow, J. BM. Cta. ». «1J , 


Toxic*® 

Toxic*® 

Toxic*® 


4-»0. 

_36 

_34 


-.33 

— I 

— 1 


n, 33 

h 334. 


=b»® 


_y 

I 

,^31 
— 7 


Toxic^ 
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completely. In this category are arsenocholine, phosphocholine, and tri- 
ethylcholine. Following the administration of the arsenic and phosphorus 
analogs of choline, Welch^° noted lipotropic activity and, in the case of 
arsenocholine, demonstrated its presence in tissue phospholipid.^^, iz Similar 
findings for triethylcholine were reported by McArthur.®®- ^ It is natural to 
ascribe the lipotropic effect of these compounds to their corresponding 
phospholipid forms, but the certainty of such an assumption remains to be 
proved. Caution in this respect is required because of the possibility of 
unrecognized biological properties of acetycholine or of other derivatives 
of (‘holine. That triethylcholine, for instance, may exhibit activity as an 
antagonist of choline has been reported.®* 


VI. Biogenesis 

WENDELL H. GRIFFITH and JOSEPH F. NYC 

The biogenesis of choline in the animal organism, discussed in a pre- 
ceding section, depends on dietary sources of vitamins such as folic acid 
and Bi 2 which may be required as cofactors in its enzymatic formation. 
Limited synthesis occurs under advantageous dietary conditions in the rat 
and f‘hick, the two species used most commonly in choline studies. Severe 
deficiencies result on diets low in labile methyl and in the vitamins in 
question even though the diet may appear quite adequate in other respects. 
On the other hand, unlimited synthesis characterizes the growth of most 
microorganisms and plants. 

Pneumococci^' ® and artificially produced mutant strains of Neurospora^' * 
are the only forms known to require external supplies of choline for normal 
growth. Choline and homocystine can replace methionine for the growth 
of L. casd^ but not of E, coli^ In preliminary experiments designed to 
develop a microbiological assay for choline. Badger® found that amino- 
ethanol would support the growth of a strain of pneumococcus in the 
absence of choline. Other compounds which are related to choline and 
aminoethanol were then tested for their acti\dty in promoting growth of 

** C. S. McArthur, Science 104, 222 (1946). 

C. S. McArthur and C. C. Lucas, Biochem, J, 46, 226 (1950), 

“ A. S Keston and S. B. Wortis, Proc, Soc. Ezpil. Biol. Med. 61, 439 (1946). 

^ L. Kane and Y. SubbaRow, J. Biol. Chem. 134, 456 (1940). 

* E. Badger, J. Bactenol. 47, 609 (1944); /. Biol. Chem. 168, 183 (1944). 

* N. H. Horowitz and G. W. Beadle, J. Biol. Chem. 160, 325 (1943). 

* N. H. Horowitz, D. Bonner, and M. B. Houlahan, J. Biol. Chem. 169^ 145 (1945). 

* R. J. Evans, Arch. Biochem. 10, 367 (1948). 

* M. N. Green and M. G. Sevag, Arch. Biochem. 9, 129 (1946). 
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this organism. It was found that the active compoimds contained N — C — 
C— OH and N— C— C— O— OH linkages. Substitution of, or throu^, the 
hydro 5 ?yl group resulted in complete inactivation of the molecule. Amino- 
ethanol, monomethylaminoethanol, and dimethylaminoethanol were among 
these substances supporting the growth of the organism. The activity of 
tiiethylcholine, diethylaminoethanol, and similar compounds plus the in- 
activity of betaine, methionine, and other compounds containing labile 
methyl groups indicated that the role of choline in pneumococcal metabo- 
lism is not that of transmethylation. The fact that aminoethanol is required 
in ten times the concentration of choline for equivalent growth suggested 
that choline is not demethylated to give ethanolamine. 

In contrast to the pneumococcus, two genetically different strains of 
Neurospora crassa are unable to utilize aminoethanol in place of choline.^ 
These mutants are designated as strain 34486, or dwlineUss-l , and strain 
47904, or choUneless-2. Each strain is believed to carry a mutation of a 
different single gene concerned with the synthesis of choline,* and each 
strain attains a growth rate comparable to that of the wild t 3 rpe in choline- 
supplemented media. The following compounds show some activity for both 
mutants: choline, dimethylaminoethanol, monomethylaminoethanol, ace- 
tylcholine, arsenocholine, phosphorylcholine, dimethylethylhydroxyethyl- 
ammonium chloride, diethylmethylhydroxyethylammonium chloride, tri- 
ethylcholine, and methionine. The following compounds are inactive for 
both mutants: aminoethanol, betaine, creatine, sarcosine, neurine, diethyl- 
aminoethanol, dimethylamine, trimetb 3 damine, and tetramethylammonium 
chloride.’- *■ 'f- * The work of Horowitz’ showed that an inherent difference 
exists between the two cholineless mutants of Neurospora in their ability 
to utilize monomethylaminoethanol and dimethylaminoethanol. The results 
suggested that the gene-controlled deficiency in cMimless-fi may be con- 
cerned witii the methylation of a mono- or dimethylated precursor of 
chciine, whereas that in cholindess-l blocks a prior step in the synthesis. 
It was observed that cholineless-S produces a substance which is inactive 
for itself but which promotes the growth of choUndess-l. The substance 
'has been isolated frmn the cultures of cholineiless-S and identified as mono- 
me&ylaminoethanol. This substance is therefore a nomoal intermediate in 
the sjmthesos of choline in Neurospora, According to Horowitz, in cholwo- 
. lest‘t the gKiehc block precedes monomethylaminoethanol, so that the 
mutant cannot synthesize this intermediate but can utilize it for choline 
eynthesis if an exogenous supply is avaUable. In duMndess-i a partial 
Htxk exists between monamethylaminoefhanol and dicdine. This mutant 

’ T. H. Jukes, A, C. Dombush, and J. J. (Meson, Federation Proe. 4 . 187 (1M5). 

* T. H. Jukes and A. C. Dornbush, Proe. 8oe. Expfl. Biol. Med. 88. 142 (1948). 

• N. H. Horowits, /. Biol. Chem. 188, 418 (1948). 
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can synthesize monomethylaminocthanol Imt is unable to convert it to 
choline at the normal rate ; as a result, the intermediate accumulates in the 
culture. Hypothetical intermediates are bracketed, and vertical dotted 
lines indicate points of bloc^king in the following scheme proposed by 
Horowitz. 


“NH2” 

1 

HXCH. 

i 

"x-cciwr 


CII., 

1 

! CH., -> 

i { i 

CH. 

— » Choline 

1 

CH. 

1 CHo 1 

i 

C11.2 


i 

cholineless-l j cholinele 88-2 

1 



Oil 

-OH 



Challenger and coworkers^’^*'- showed that trimethylarsine is one of the 
volatiU^ odorous products evolved from mold cultures containing arsenious 
a(*ifl. The mold Scojndarioptds brevicaulis not only methylates arsenite Init 
also converts sc'Ienit.e*'* and tellurite*'* to the respective dimethyl derivatives. 
Challenger and Higgin})ottom*° suggested that choline or betaine might 
supply methyl for these methylations. A means of separation and identifi- 
cation of aminoethanol, devised by Simons,*** failed to show an accumula- 
tion of this possible demethylation product of choline in a culture of S, 
hrcvicnul'is containing added (dioline and arsenite. No evidence was ob- 
tained for the methylation of sulfur (compounds by this organism except 
i)y fission of dialkyl disulfides.*®- However, dimethyl sulfide was isolated 
xs a product of the fungus Schizophylhmi commune Fr}^ Smith and Schlcnk 
jbserved that thiomc thy laden osine accumulated in yeast grown in a me- 
lium containing an excess of methionine but not of sulfate, homocystine, 
•ysteine, or glutathione. The nucleoside was used by the j’^cast as a source 
)f sulfur if added to a deficient medium.*** 

Although the Nenrospora studies suggest similarity in the biogenesis of 
‘holine betwe^en animals and microorganisms, there is little evidence that 
l(»gradation of choline proceeds along the same pathways. Trimethylamine 
s the usual product, and its formation has beeji noted in choline-containing 

F. Challenger and C. Iligginbottom, Biochem. J . 29 , 1757 (1935). 

“ F. Challenger, C. Higginbottoin, and h. Ellis, J. (lumi. Soc. 1933 , 95. 

** F. Challenger and A. A. Itawlings, ./. Chem. Soc. 1936 , 264. 

>3 F. Challenger and H. E. North, ./. Chem. Soc. 1934 , 68. 

M. L. Bird and F. Challenger, J. Ch^m Soc. 1939 , 163; 1942 , 571, 574. 

C. Simons, Biochem. J . 36 , 749 (1941). 

F. Challenger and S. Blackburn, J. Chem, Soc. 1938 , 1872. 

F. Challenger and V. T. CUiarlton, ./. Chem. Soc. 1947, 424. 
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cultures of Bacillus prodigioms,'^'> Shigella alkcUescens,^'^ Proteus vulgaris,^ 
and many other organisms. 

There is a wide distribution of choline phospholipids throughout the 
plant world. Ducet®*’ examined seedlings of soybean, barley, and ptia and 
other young plants and (lOiKiluded that synthesis of choline occurs in 
rapidly glowing tissues, such as leaf buds. Tie believed that glyccryhihos- 
phoiyicholine is an intermediate in the .synthesis of lecithin. The occur- 
rence of small amounts of free choline was ascribed to the presenc^' of 
locithinase. 


VII. Estimation 

WKXDKLL IT. GUIFMTII niul JOSKPIT F. XVC 
A. CHEMICAJ. rUOCKDrEKS 

Chemical procedures for the (juantitalive (h^terminalion of <*horme in 
biological materials have been extensively treated in various publications.' -^ 
The method based on the precipitation of cholin(‘ as the* peniodide has been 
one of the preferred (‘hemical procedures. F]arliesl studies on the pre(‘ipita- 
tion of choline i)eriodide were made by Stanek,'* who proposed the use of 
potassium triiodide as the reagent for the (luantitativc precipitation of 
choline. In 1923, Sharpe® published a (plant it ativ'e chemical method, based 
on the original work of Stanek, in whicdi choline was precipitattnl witli 
iodine as the periodide which was washed free of excess i*eagent with ice- 
cold water and decomposed with dUule nitric acid. Th(‘ liberated iodiiu' 
was extracted with chloroform and estimat<*d using a standard solution of 
sodium thiosulfate. 

Roman^ and Maxim® investigated the (original Stan6k method and, as a 

*®D. Ackermunn and H, Schutze, Zentr. Physiol. 24, 210 (1910). 

A. J. Wood and F. E. Keeping, Bacterial. 47, 309 (1944). 

G. N. Cohen, B. Nisman, and M. Raynaud, Powpt. rend. 225, 647 (1947). 

” G. Ducet, Co7npt. rend. 227, 871 (1948). 

** G. Ducet, Ann. ngron. 19, 184 (1949). 

* C. II. Best and C. C. fjucas, Vita^mns and Hormancs 1, 1 (1943). 

2 P. Handler, Biol. Symposia 12, 361 (1947). 

* P. Gyorgy and S. H. Rubin, in Vitamin Methods, Vol. 1, p. 243. Academic Pre.ss, 

New York, 1950. 

^ Association of Vitamin Chemists, liic., Methods of Vitamin Assay, 2nd cd., j). 

287. Interscience Publishers, New York, 1951. 

s V. Stanek, Hoppe-Seyier^s Z. physiol. Chem. 46, 280 (1905); 47, 83 (1906); 48, 334 

(1906). 

« J. S. Sharpe, Biochem. J. 17, 41 (1923). 

’ W. Roman, Biochem. Z. 219, 218 (1930). 
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result of their findiiif^s, deseribed the first mierochemieal method for the 
estimation of eholine. Roman obtained reproducible results within a range 
of 5 7 to 5 mg. of (*holine with a maximum error of 5 %. 

Eric^kson and her collaborators® improved the periodide micromethod of 
Roman by using immersion filter sticks which facilitated washing the labile 
(choline iodide ]n*eciy)itate with minimum disturbance. The introduction of 
this st(»p in the procedure was desirable because the greatc^st source of 
error in th(‘ i)eriodid(‘ nu‘thod was the volatile and unstable nature of the 
choline preci[)itat(\ A further improvement was the introduction of bromine 
oxidation to convert the iodine to iodate pre(^eding titration with standard 
sodium thiosulfate'. Th(' latter modification offered the advantages of ready 
solul)ility of tlie f)recipitat(' in the bromine solution and a sixfold increase 
in the final titration valiu*. 

Potassium ])('riodid(* yi('lds precipitates with dimethylamine, trimethyl- 
tunine, lu'taines, certain cyclic bases, and many alkaloids.^® The presence 
of thes(‘ sui)stances in plants makes it impossible to relate the results ob- 
tained by the periodide method to a definibj constituent in a plant extract. 
Reifer^® claim(‘d that the greatest part, if not. all, of the periodide-precipi- 
table substances in plant (?xtra<*ts, with the exception of (*holine, were 
remo\<'d by k'ad acetate and Xorit. 

At the present time the most widely used method for the (luantitative 
determination of choliin* a])pears to be by precipitation as reineckate. 
Among th<' first to employ the reineckate method for the determination of 
choline were Kapfhammer and BischolT,*’ who washed the choline reineck- 
ate with ('ther and determined it gravimetrically. This method required 
faii'ly large amounts of choline and, therefore, was not easily adaptable 
for general use. A more sejisitive method described by Beattie'® consisted 
of the precipitation of choline with a freshly prepan^d solution of ammo- 
nium reineckate, solution of the precipitate in acetone, and comparison of 
th(' bright n'd col(»r imparted to the solvent with that of a standard solu- 
tion. I sing a v isual colorinu'bT, (|uantities of the order of 0.3 mg. of choline 
in a corurntration of 0.003% were estimated by this procedure with an 
error of not. more than 3%. "i'hc use of photoelectric colorimetry greatly 
increased the s(Misiti\'it.y of the method.'*^-'® According to the procedure of 
Jacobi vt a?.,'"’ the ground sample was extracted with boiling 1:1 alcohol- 

« B. Krickson, 1. .\vrin, I). M. Teague, and H. 11. Williams, J. Biol Chem. 135, 

G71 (1940). 

I. Boifor, Avw Zealand J . Sci. Tech. 22B, iii (1941). 

J. Kapfhammer and C. BischolT, Hoppe-Seyler^s Z. physiol. Chem. 191, 179 (1930). 

F. J. U. BeaMio, Biochvm. J. 30, 1554 (1936). 

‘3 K. W. Engel, J. BioL Chew. 144, 701 (1942). 

D, Glick, ,/. BioL Chem. 156, 043 (1944). 

IT. P. Jacobi, C. A. Ihiumaiiii, Jind W. J. Meek, J. BioL Chem. 138, 571 (1941). 

M. II. Thornton and F. K. l^roomc, Iml. Eng. Chem. Anal. Ed. 14, 39 (1942). 
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either mixtui’e iuid the residue of this oxtnict \v«.s saponitied for 2 hours at 
80° with baryta. The choline, precripitaUMi as tlu^ reineckale, was dissolved 
in acetone and the color intensity was measurc'd, usinfj; a lif»:ht filter which 
traJismiis at 520 m/x. 

En^eb’^ advised more exhaustive extraction of hiolo^i(*al samples with 
methanol and hydrolysis of extracts with baryta for 2 hours at 100° rather 
than at 80°, as recommended by Jacobi ct al. (llick'^ further improved; th(‘ 
reineckale method by showing; that inteiJereiKe due to many comi)oiin<ls 
which form insoluble reineckates is cinaimvented by precipitating \th(‘ 
choline reineckale in an alkaline medium. Propanol was found to be\the 
most suitable solvcMit for washing the reiiuM'kate. Th(‘ maximum lii>ht 
absorption for choline nnneckate, as determiiuul spectrophotomc'trically by 
Glick, is near 520 m/x. Glick’s reineckale method and the more r(M*(*ntly 
published modification by Willstaedt ct are in \\id(‘ use today. 

The development of a brown color, by adding an iodine r(*agent to an 
aqueous solution of (holine reineckale, was us(‘d as the basis of a method 
byShaw.^^ Still another modifi(‘ation of the reineckale mcuhod was proposed 
by Marenzi and Cardini.’’^ It is based on the oxidation of the chromium of 
choline reineckat(‘ to the chromic state by means of alkalin(‘ hydrogen 
peroxide, followed by colorimetric determination of the chromate^ l)y means 
of the violet-red color produced in an acid solution with diphenylcaihazide 
(Cazeneuve's reaction). The authors (hiim that this method will alk)w 
the estimation of as little as 15 7 of <*holine. Winzhu* and Meserv(‘'‘’ in- 
creased the sensitivity of the reiiieckate method by making use of the very 
great absorption of acetone solutions of choline nnneckatc* at 327 m/u. 'fhis 
method has an accuracy of ±5% with samples containing 50 to 100 7 of 
choline hydrochloride. 

IJntzell and Fomin-’ introduced a new micromethofl for choline estima- 
tion based on the oxidative degradation of choline to trimethylamine and 
titration of the latter, \either the original method nor the niodifi(*alions 
of it22* 23 appears to have gained general accc^ptance. 

Less well-known methods for the determination of choline* are those of 
Ambo and Aoki-^ and of Eagle, who based their pro(*edures on the volu- 
metric determination of mercury in the mercuric salt, of choline. A simple 

” II. Willstaedt, M. horK^anl, jjnd II. hiock, Z, ViUnnuihn^ch. 18, 25 (HHO) 

F. TI. Shaw, liiochvm. J. 32, 1(K)2 (mH). 

A. D. Mareiizi and (J. K. ('ardini, J. Biol ('hem. 147, 21)2 (1945; 

R. J. Winzlor and K. R. Meservn, J. Biol, ('hem. 169, (li)45). 

2 * W. bintzol and S. Fomin, Biorhem. Z. 238, 42S (ItKR). 

22 G. Klein and H. Linscr, Bioehem. Z. 260, 220 (1082). 

2 ® W. Lintzcl and G. Monaslori*), Bioehem. Z. 241, 27it (lOIIl ). 

2^ H. Ambo and T, Aoki, Trans. Japan. Bathol. Bar. 21, 171 (U)31 ) 

® E. Eagle, J. Lab. din. Med. 27, 105 (1041 ). 
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gravimetric procedure for the assay of choline chloride in pharmaceutical 
products, based on thcj precipitation of choline from absolute ethanol with 
phosphotungstic acid, has been described by Gakenheimer and Reguera.^® 
A recent gravimetric method^^ consists of precipitating the cadmium chlo- 
ride complex of choline from an alcoholic solution. This method can be 
used for the assay of pharmaceutical products but has not been studied 
with l)iol()gical samples. 

B. MICIKJBIOLOGICAL PROCEDURES 

A microbiological method for the determination of choline by the use of 
a mutant of XeAiroapora crasm was described by Horowitz and Beadle.^® 
The mutant (3448G) had been produc^ed by ultraviolet irradiation of a 
normal “wild type” strain. As a result of the induced mutation this organ- 
ism fails to grow on an unsupplementc^d basal medium but- grows if choline 
is supplied. Combined choline, as in lecithin, is also utilized by the test 
organism, but less efficiently than free choline. For this reason the choline 
in samples must be liberated by hydrolysis prior to assay. Methionine has 
a sparing ac'tion on (*holine and, when present in appreciable amounts, 
must be removed from 11 h‘ sample. Jukes and DornbuslP® have shown that 
dimethylaminoethanol is also active for the mutant. 

A sec'ond cholineless strain (47904) which dithi’s genetically from strain 
84480, was described by Horowitz rt oZ.,®®* and this mutant may also be 
used in the bioassay of choline. The growth of both cholineless mutants is 
stirnulatc'd by suc*h c’ompounds as acetylcholine, phosphorykholine, mono- 
m(4hylamino<‘thanc)l and dimethylaminoethanol. The following compounds 
were found to be inactive for both mutants: betaine, creatine, sarcosine, 
arnincx'thanol, neurine, diethylaminoethanol, dimethylamine, trimethyl- 
amiiK*, and telramethylammonium chloride. 

The ])rc)c‘edure for the Xcuwb^yora assay has been described in several 
texts.' Acc'ording to the original method-^ the sample for assay is 
autocJavecl with 8% sulfuric acid for 2 hours at 15 pounds pressure to 
liberate choline from its c*ombined forms, and the solution is neutralized 
with barium hydroxide. The solution is passed through a column c'ontaining 
PcMmutil in ordei’ to separate* the cdioline from methionine, and the ab- 

W. C. (lakcuihcMmcM- and k. M. H(‘j?uc?ra, .7. Am. Phunn. .tsscr. Sci. Ed. 36, 311 
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soi'hod (‘holiiie is then eluted from the column with 5 % sodium (*hlorid(i. 
A]i(iu()ts of the solution arid of standard choline solutions are added to 
flasks <*ontaiiiing the basal medium, and these are inoculated and incubated 
for about 3 days at 25°. The response of the mold to the addcnl supplements 
is determined by weighing the dried myc^elium. Siegel'*'* lias recHimmended 
tlie removal of the mycelium from tlui (nilture fluid by filtration thi’ough 
a tared, sintered glass filter of medium porosity which is then dried and 
weighed. Dry weights from duplicate flasks agree within about 5yo, 
choline values detenniiKHl on different amounts of the same solution lign^e 
within 10%. Standard curves must be run with each assay. \ 

]jue(*ke and Pearson'** have used the method for the determination of 
free choline in plasma and urine and for the estimation of free (*holine in 
animal tissues. Comparative determinations on the same samples showed 
that the microbiological A^alues were in excellent agreement with those 
obtained by chemical methods, llodson'**’ used a modification of the above 
procedure in the assay of milk products. The results obtained with the 
Neurospora procedure indicate that this method is (‘onsiderably mon*, sensi- 
tive and more specific than the chemical methods investigated to date.’*® 
The various analogs that suppewt growth of the* organism do not appear in 
appreciable quantities in most biological materials or, as in the case* of 
methionine, can bci separated by use of adsorl)ents. 

Special attention has been given the determination of ciiolincsc^ontaining 
phospholipids in blood, liver, and other tissues by workers in the labora- 
tories of Thannhauser,^’-^** Chaikoff,^**-'*- Chargaff,^'*’ ■** and ]\IcKibbin.^^- 

L. Siegel, Science 101, G74 (1945). 

** R. W. Luecke and P. H. Pearson, J. Biol, Chem. 153, 259 (1944); 165, 507 (1944). 

A. Z. Hodson, J. Biol. ('hem. 167 , 383 (1945). 

F. J. Bandclin, J. Am, Pharm. A«soc. 38 , 30-4 (1949). 

G. Schmidt, L. Ilocht, P. Fallot, L. Greenlmuin, and S. ,1. Thannhauser, J. Binl. 

Chem. 197 , 601 (1952). 

S. J. Thannhauser, J. Benolti, and H. Reinstein, J. Biol. (>hcm. 129 , 70t) (1939). 

S. J. Thannhauser, J. Benotti, A. Walcott, and H. Reinstein, ./. Biol. Chew. 129 , 

717, (1939). 

C. Entenman, A. Taurog, and I. L. ChaikofT, ./. Biol. Chew. 166, 13 (1944). 

A. Taurog, C. Entenman, B. A. Fries, and I. L. Cn»aikofT, Biol. Chew. 166 , 19 

(1944). 

^2 C. Entenman and 1. L. ChaikolT, J. Biol. Chem. 160 , 377 (1045). 

^»E. Chargaff, M. Ziff, and D. Rittenherg, J. Biol. Chem. 138 , 439 (1941); 144 , 343 

(1942). 

E. Chargaff, C. Levine, and C. Green, ./, Biol. Chem. 176 , 67 (1948). 

J. M. McKibbin and W. E. Taylor, J. Biol. Chem. 178 , 17, 29 (1949). 

W. E. Taylor and J. M. McKibbin, J. Biol. Chem. 188 , 677 (1951). 
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Kahaiie and ]Ayy worked out procedures for the estimation of free choline, 
total water-soluble idioline, and total choline.^^-^‘* 

C. BI()LO(;iCAL ASSAYS 

Th(* first detennination of choline by biological assay was based on its 
a(*.etylation to acetylcholine and on the estimation of the latter by virtue of 
its pharmacologi(!al action on tissucvs. An extensive discussion of this pro- 
cedure has been published by Chang and (Jaddiim.^^' The most satisfactory 
tissues for the test are the recdis abdominis muscle of the frog, the isolated 
intestine of the rabbit, and the longitudinal muscde of the leech. The 
method was used by Abdoii'*^ for the determination of acetylcholine and 
its piec-ursor in tissu(‘s and by Fletcher et in the analysis of a numVjer 
of foodstuffs for total (dioline. Accuracy is difficult bec^ause of interfering 
substances su(di as histamine, potassium salts, and many other physio- 
logically a(?tive constituents of tissues. 

Attempts have been made to develoj3 a biological assay procedure for 
the determination of the total choli'K^ in foods and in other biological 
materials by comi)arison of the degree of prevention of renal pathology by 
the test substance and by choline in young rats on a choline-deficient 
diet.^'^’ The method is not particularly sensitive and the interpretation 
of 3-esult,s is complicated by variations in food consumption and in the 
comi)osition of the I’ation. 

D. PHYSIC.y. ESTIMATION 

The ultra\'iolet absorption spectrum of choline^^' is not useful as an 
analytical tool although ad^^autage is taken of the spectrum of choline 
reineckate. It has not been possible to utilize other physical properties of 
choline in its estimation. 

G. J)u(!Ot iiiid K, Kahaiic, BvU. soc, chitii. biol, 28 , 794 (1949). 

K. Kahaae and J. Levy, Compt. rend, 207 , 642 (1938). 

E. Kaliane, J. L6vy, and O. Libert , soc, chim, bioL 27, 65 (1945). 

11. C. Chang and j. 11. Gadduni, J. Physiol. [London) 79 , 255 (1933). 

N. O Abdon and K. lijungilahl-Ostbcrg, Acta Physiol. Scand. 8 , 103 (1944). 

J. I). Fletcher, V. 11. Best, and O. iM. Solandt, Biochem. J. 29 , 2278 (1935). 

W. H. Griffith and D. J. Mulford, J. Am. Chem. Hoc. 63, 929 (1941). 

A. Castille and M. Biippal, Bull. acad. roy. mcd. Bely. 66, 263 (1926). 

“ W. Graubner, Z. yes. expll. Med. 63 , 527 (1928). 
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Vm. standardization of Activity 

WKNDELL H. GIUFFITTI niid JOSEPH F. NYC 

CholiiH' is a fairly stable clieinic.al that participates directly and in- 
dire(*tly in metabolic reactions. The factors that control its synthesis by 
transmethylation and by formate-to-methyl synth(\sis are not known defi- 
nitely. Standardization of ac*tivity in the usual sense' is, thc'rc'fore, not 
feasible. { 


IX. Occurrence 

WENDELL H. (JKIFFITH and JOSEPH F. NVC 

The total choline presc'iit in typi<‘al foods (Jablc's VJI and N'lll) has 
been deteiTnined by Enj^eiJ and thc' amount in (‘ommon meat cuts ('Pablc* 
IX) by Mclntire ci air (bains and milled whc'at products were also ana- 
lyzed by (bick'* (Table X), The examination of foodstuffs in India* and in 
Sweden*' has given values similar to those in the table's. Egg yolk, glandular 
meats, and brain are the richc'st animal source's, and the' germ of cerc'als, 
legumes, and seed-oil medals are the best plant soun'i's. ()1 intere\st is the' 
relativt'ly high leved in patent flour. 

The ('holine e'ontcnt of fre'sh and of proce'ssc'd milk has be'C'n studie'd in 
several la borat oriels. .Verording to Ilodson^' little lo.ssoce*urs in the* prc'pa- 
ration of dried milk, although Marepiez^ report enl that in both raw and 
pasteurizc'd milk no choline was ])resent after standing 48 hours at room 
tcimperature*. Me:)st of the choline of milk is found in the* aepie'ous rather 
than the cre^am layer.'' 

Sadhu*** noted a slight positive correlation betwe'en the c'holine content 
of the brain and the lactose content of the milk of niiu* si)ee*ie^s of mammals 
where^as a high correlation was found betwe^en the lae-tose level and the* 
brain cerebrosidos. He suggesteul that sphingosinci e-an react, reversibly 

^ R. W. Engol, J. Nutrilion 26, 411 (1943). 

- J. M. Meintiro, B. S. SchweiKcrt , and C. A. Elvohj(Mii, ,/. \utrillnn 28, 219 (1944 ). 

D. Click, Cereal Chew. 22, 95 (1945). 

^ H. Chattopadhyay and S. Banerjee?, Food UcHearvh 16, 230 (1591). 

^ N. E. liorglin, Acta PharmakoL Toxicol. 3, Svppl. 1 (1947). 

^ Z. TTodaon, ./. Natrilion 29, 137 (1945). 

V. M. .Marquez, Sdiool IlyK- and Publ. Ilcaltli, Biochoin. D(‘pt., Johns Hojikins 

University (S(*i)arate), March 1942. 

« E. Kahano and J. Le^vy, Bull. hoc. chim. hud. 27, 72 (1945); Compt. rend. 220, 97 

(1945). 

» D. P. Sadhu, J. Dairy Sci. 31, 347 (194S). 
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Total Choline Content of Pi.ant Produc ts^ 


60 


CHOIJNE 




IX. OCCURKENCK 


01 


with galactose or choline phosphoric acid to form tniher cerebrosides or 
sphingomyelins. 

Tlie (tholine cont(*nt of ^'arious biological fluids has been reported by 


TAHbE IX 

Total (JifOLixE Context of Mpjats'^ 



Fresh 

Choline, mg./lOO g. 

Dry 

- 

Sample 

Range 

Avg. 

Range 

Avg. 

Veal 





] a % 

05-108 

102 

566-452 

580 

IP last l(‘g 

125 141 

152 

55S-592 

560 

SliouMcr 

s:i 100 

05 

26Sr 575 

557 

lioasl shoulder 

i:tT 145 

150 

510-576 

515 

»^irloin cho]> 

S7 105 

06 

212-401 

517 

Hrai.s(‘<l chop 

12S 157 

140 

242 542 

285 

Hh<Mil(ier <'hop 

02 101 

07 

507-422 

576 

Uraiscil chop 

1 10 150 

154 

517-4(K) 

566 

♦Slew meat 

04- 1(K) 

06 

556-4(K) 

567 

('ooked sfew 

157 140 

142 

560-578 

570 

Lanih 





Leg 

75 02 

S4 

262 517 

200 

Hoast 

122 124 

125 

2S4 205 

200 

Sirloin chop 

75 77 

76 

170-108 

180 

Hroiled chop 

UK> 12(> 

115 

204-252 

228 

meat 

76 S2 

70 

222-250 

226 

Cookt'd stew 

116 12S 

122 

247-201 

260 

Pork 





Ham 

101 120 

120 



Cured ham 

OS 120 

122 



beef 





Liver 

470 570 

510 



Hound 

65- 70 

68 



ToiiKue 

lOS 

108 



Heart 

170 

170 



Mraisod lu'arl 

200 275 

25S 



Kidney 

240 2SI 

262 



Hrain 

500-420 

410 



MiscelhincouB 





bologna 

60 

60 



Frankfurters 

57 

57 



Pork links 

48 

4S 



(Canadian bacon 

80 

80 
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(Table XI), iuid Srhinidt et aU^ have recorded data on the occur- 
rence of gl^ycerylphosphorylcholine in tissues (Table II). 


TAJILK X 

Total Cj»oi.i\k C’ontknt of Grains and of Cirain Products 
(oNpressod as millij^rams of cholino chloride per 1(X) j?. on a moisture-free basis)® 


Variety 


'Milled fractions 


Iltird sjirinK wlieat 

91 Whole wheal 


102 

Hurd \vint(‘r Mhojit 

79 ( i(M*m 


1 3f.4 

Soft winter wheat 

SS Bran 


\ 153 

Soybeans 

237 Lo\\ -g!-ad(' flour 

\ 69 

Oats 

114 Bleached low 

■grad(‘ Hour 

■ 60 

Harley 

110 Clear flour 


61 

Kla\ 

107 Bleached el(‘ar flour 

62 


Patent Hour 


70 


Bleached })atent flour 

69 


TABJ.K Xr 



Fri:f ('uoi.ink fx Hioi.ocirAi. Ki.iri 

IDS*' 




('holine 

, mg /I. 

Material 

No. of samples 

Average 

Range 

Human stiliva, male" 

12 

11.6 

S.6 14 4 

Human saliva, male'' 

1 

6 5 

4.7- 9.9 

Human saliva, fernah'" 

75 

U) 0 

6.2 36.1 

Human blood, male' 

S 

13.2 

10.3- 17.1 

Human blood, male*'' 

10 

13.5 

S.5 22. S 

Human blood, female'' 

19 

14.6 

9.4 21. S 

Human blood, pregnancy 

62 

13.1 

9.9- 19.9 

Human semen 

17 

3H.0 : 

234.0 477.0 

Bladder bile, dog 

7 

250.0 

7S.0 3S0.0 

Lymph, dog 

3 

IS. 2 

14.2 23.5 


« Collected while chewing iianifiin, 

* Collected by use of dental ■*«iphon. 

<= Nornml. 

Outpatients. 

X. Effects of Deficiency 

A. OEXERAL MANIFESTATIONS 
WKNDKLL H. GRIFFITH and JOSEPH F. NYC 

The specific recosniliou of sources of labile methyl is a(!complisherl by 
the in vivo administration of a suitably lalwled, possible methyl donor or 
'0 1;. Eagle, J. Lah. Clin. Med. 27, 103 0041). 

** G. Schmidt, L. Hechl, P. Fallot, L. Greenbauin, and S. J. TliannhauHcr, J. Biol. 
Ohem. 197, (iOl (1952). 
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by its addition to an vitro system followed by the isolation of methyl- 
('ontaining products and estimation of the isotopic carbon and hydrogen. 
More getK^ral procedures include measurements of ('fiecti\eness in the 
prevention of fatty livers and of renal lesions in rats, of growth of rats on 
liomocystine-containing, methionine-poor diets, of stimulation of growth 
and preA^nition of perosis in (*hi(‘ks or turkey poults, and of extent of con- 
A'ersion of homocysteine and of guanidoacetic a(*id to methionine and 
creatine, respect i\Tly, in in vitro tissue systems. Choline, with at least one 
labile methyl group after oxidation to betaine and with one or more carbons 
that may partici])ate in formate-to-methyl synthesis under the propc'i* 
(‘onditions, reacts positively in each of these proc(‘dures. It is particularly 
(effective in reactions in which it serves directly, presumably as a constitu- 
(ut of phospholipids or of acetylcholine, rather than as a source of methyl. 
This appears to lie the case in so far as its lipotropic activity is con(‘('rned 
and, possibly, its ant ihemorrhagic and antiperotic activities also. Olivi- 
ously, it is not always possible to distinguish with certaintj" l)etween evi- 
dence's of a deficiency of methyl and of (‘holine in experiments on animals. 
It is important, nevc'rtlu'less, that deficiency symptoms, previ'iited by 
choliiu', may be produced without difficulty in several animal species. 

H. KAT 

WI:M)KL1- II. GRIFFITH and .lOSKFlI F. NVC 
1. Renal J.esion 

The rat has been the principal test animal in investigations of choline. 
The recognition of the lipotropic* ac*tion of choline in adult rats by Rest 
has been desc*ribc‘d earlier (Sec*tion IV C 2). 'Fhe importanc*e of this sub- 
stance' in the nutrition of the young rat was demonstrated by (Iriffith d at., 
who showed that c'holinc' was c'ssc'utial in weanling rats not only for tlie 
prevention of the fatty liver but also for the maintenance of tissue structure 
and even for survival.’-^ 

The' fecMling of low choline dic'ts to male rats, 20 to 20 days of age, results 
in a sp('c*ta('ular seric's of c'fTc'cts which reach a crisis within 0 to 8 days. 
This c‘i*itical pc'riod may terminate fatally, or it may be followed by a 
ra[)itl, partial rc'c'overy. Rc'c*overy on the same diet that produces severe 
dc^gc'uc'ration of tissues is highly interesting and as yc't an unexplained 
phenomc'uon. A marked increase in liver fat occurs within 48 hours and is 
maximal after d to 0 days. Renal lesions, named hc'morrhagic dogenewation, 
dc'vc'lop between! the sixth and eighth days; the animals bec'ome noticeably 

’ W. H. Griffith and N. J. Wade, J*roc. Sor. Kxpit. liiul. Mvd. 41, 188 (HKfO). 

' W. II. Griffith and \. J. Wade, J. Biol. Chvm. 131, r?07 

W. H. (Jriffith, ./. \uiritio?f. 19, W (19-10). 

’* W. H. Griffith, Biol. Spniposia 5, 193 (1941). 



Fig. 2. Kffects of clioliiift (Jeficieiicy in weanling rats after ;in S-day period with 
choline (center) and without choline. The photograph illutit rates th(^ enlarged yellow- 
ish ftdty liver, the enlarged kidneys with hemorrhagic degeneration, and the partial 
regression of the thymus. The sectioned kidneys above the deficient animals em- 
phasize the cortical congestion which is evident in Fig. and which, w’ith or without 
subcapsuhir hemorrhage, is responsible for the dark-red appearance of the kitlneys. 

ocular hemorrhage is frequentl}'^ observed. 'Fhe rtMial changes develop over 
a 24- to 48-hour period and are characterized grossly by an increase in size 
and weight and by hemorrhagit; discoloration. Proteinuria but not hemat- 
uria o(a*urs. Reco\XTy is not-envorthy because of th(‘ rapidity with which 
the renal function improves, evident also in the gross appearance of the 
kidneys. The recovered kidneys are enlarged and pale brown in color and 
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are fn^ciiUMitly rough and scarred with a white incrustation, tlie so-called 
frosted kidiu^y. 



Fkj. 3. Section from cortex of kidney t)f a choline-deficient rat similar to those 
llust rated in FiR. 2. l*rominent chanRes include vascular congestion and tubular 
legeneration. 


Clii’istciisen has dcscrilMHl the coui-sc of the involution of the thymus" 
ih 1 the K'lial pathology® which is summarized as follows (Fig. 3). The 

** K. (Miristensen and VV. II. (Iriftith, En(U}crinolu{i\i 30, 574 (1942). 

® K. Christensen, Arch. 34 , 633 (1942). 
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primary vascular change during the acute stage is congc^stion of the periph- 
eral coitical capillaries and capsular blood vessels and, sometimes, of the 
glomerular blood vessels; hemorrhage, if present., (xrcurs only in the capsule 
and at the i)eriphery of the cortex; peripheral (*oj*ti(^al tubules undergo 
necrosis or granular or hyaline droplet degeneration; hyaline casts are 
always abundant in tubules of the inner zone of the cortex and of the outer 
zone of the medulla; and calcifi<*ation of degenerated peripheral tubules 
occurs in the most severely affected kidneys. 

Hartroft and Best"*^® have emphasized the role in this syndrome of small 
droplets of stainablc fat whi(*h appear in the epithelial cells of the proximal 
(‘onvoluted tubules of the (*ortex. Concomitantly, generalized swelling of 
the affected Jiephrons o(*curs, with obstruction of the intervening (‘apillary 
ple.xus in the cortex. Tubular ischemia and necrosis are followed ))y en- 
gorgemeth, of the proximal (*ortical vessels whi(*h may ruptures into and 
beneath the {*apsule. Choline feeding has relatively little effect on the U)tal 
renal lipids.” That the acute renal lesior\ is an effect of a deficiency of (iioline 
has been repeatedly (!onfirmed‘‘“-^®. Conditions for producing a unifbrmly 
fatal outcome were described by Engd‘'” ” Handler showed that the lesion 
occurred in adult rats after unilateral nephrc(*tomy if the animals were 
placed immediately on the deficient diet .‘^ The observations of Olsen and 
l)eane^® included changes in the adrenal cortex which is enlarged during the 
acute phases with definite evidence of hyperactivity of the zona fascicailata 
and zona glomendosa, especially the latter. 

The prevention of h(‘morrhagic degeneration is relatively specific for 
choline, although methyl-sparing compounds, such as m(*thioj)ine or beta- 
ine, and certain other compounds are effective. Substanccjs whicdi resemble 
choline sufficiently to l)e built by anabolic processes into lecithin-like mole- 
cules without obviously starving as inhibitors, such as arsenocholine or 
triethylcholine, have more or less activity. It may be that certain of 
these compounds will be found later not to be untihemorrhagic. Th(‘ ()ns(4 

’ W. S. Hartroft and C. H. Best, Science 105, 315 (1947). 

*W. S. Hartroft, Brit. J, Ex'ptl. Pathol, 29, 483 (1948). 

* C. H. Best and W. S. Hartroft, Federation Proc. 8 , 010 (1949). 

W. S. Hartroft, Proc, 194^ Milbank Mem. Fund p. 144 (1950). 

“ G. Gualandi and S. M. Tamhurcllo, Btdl. boc. ital. hiol. sper. 26, 945 (1950). 

P. Gyojrgy and H. Goldblatt, J, Exptl. Med, 72, 1 (1940). 

1’ U. W. Engel and W. I). Salmon, J. Nuirilion 22, 109 (1941). 

P. Handler, J , Nutrition 31, 621 (1946). 

F. I. IJessaii and J. .1. Oleson. Proc. Soc. ExpU. Biol. Med. 64, 278 (1947). 

R. E. Olson and II. W. iJeanc, ./. Nutrition 39, 31 (1919). 

R. W. Engel, Proc. Soc. Exptl. Biol. Med. 60, 193 (1942). 

A. D. Welch, J. Nutrition 40, 113 (1950). 

A. D. Welch, cited by T. H. Jukes, IVoe. Am. Inst. Nutrition, .7. Nutrition 21, 

Suppt. 13 (1941). 

*0 J. M. Patterson and E. W. McHenry, J. Biol. Chew. 146, 207 (1942). 
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of this syndrome, as is the ma^itude of fatty infUtration, is influenced by 
the intake of food and, in particular, by tbe adequacy of the caloric intake-^ 
McArthur and Lucas emphasized the inhibitory effect of triethylcholine on 
appetite,^ and Strength et aL suggested that this compound was not only 
not a substitute for choline but that it functioned as an antimetabolite,** 
No obvious explanation can be given for the protective action of atabrine 
against hemorrhagic degeneration,*^ unless it spares choline by inhibition 
of choline oxidase.** 

Results do not permit an unequivocal conclusion regarding the mech* 
anism of this choline effect in the kidney of the rat. Jacobi et aL were not 
able to demonstrate any lack of choline in affected kidneys,*** *’ but Pat- 
terson and McHenry found a significant decrease in renal phospholipids.*** ** 
The lesion has been reported to be associated with a low activity of alkaline 
and acid phosphatase in the renal tubules.*® 

Hemorrhagic manifestations in weanling rats on low choline diets have 
been described in the eyes,** heart muscle,^* liver,** adrenals,^* and 
brain,** as well as in the kidneys. The observation by Jervis** that hemor- 
rhagic lesions of the cerebellum occurred in young rats of mothers fed a 
low choline diet after the eighth day of pregnancy followed the report of 
Gydrgy and Goldblatt that the young of mothers on choline-deficient diets 
developed a fatal paralysis.^* This finding cannot be ascribed to changes in 
the brain phospholipids, according to Foa et al.^ 

2. Fatty Liver 

MacLean and Best described the histological picture of the rat liver 
loaded with fat because of choline deficiency,** and this has been amplified 
by Hartroft*** *’' with particular reference to the development of experi- 

« D. J. Mulford and W, H. Griffith, J. Nutrition 23, 91 (1942). 

** C. S, McArthur and C. C. Lucas, Biochem. J. 46, 226 (1950). 

** D, R. Strength, E. A. Schaefer, and W. D. Salmon, J. Nutrition 46, 329 (1951). 

D. M. Hegsted, J. M, McKibbin, and F. J. Stare, /. Nutrition 27, 149 (1944). 

« B. Kelley, Federation Proc. 11, 238 (1952). 

*• H. P. Jacobi, C. A. Baumann, and W. J. Meek, J, Biol, Chem. 138, 571 (1941), 

H. P. Jacobi and C. A. Baumann, J, Biol, Ckem. 142, 65 (1942). 

** J, M. Patterson, N. B. Keevil, and E. W. McHenry, J. Biol. Cheni. 163, 489 (1944). 
** J, M. Patterson and E. W. McHenry, J. Biol. Chem. 166, 265 (1944). 

M. Wachstein, Arch. Pathol. 38, 297 (1944). 

J. G. Bellows and H. Chinn, Arch. Ophthalmol. (Chicago) 30, 105 (1943). 

« P. Gydrgy, Ann. N. Y. Acad. Set. 49 , 525 (1948). 

** G, A. Jervis, Proc. Soc. Exptl, Biol. Med. 61, 193 (1942). 

P. P. Foa, H. R. Weinstein, and B. Kleppel, Arch, Biochem. 19, 209 (1948). 

*» D. L. MacLean and C. H. Best, Brit. J, Exptl, Pathol. 15, 193 (1934), 

W. S. Hartroft, Kept Ann. Meeting and Proc. Roy. College Phys. Surg, (Canada) 
p, 120 (Nov, 2^26, 1949). 
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mental cirrhosis. Droplets of stainable lipid appear in the hepatic cells 
surrounding the central veins within 24 hours after rats are placed on a diet 
low in choline and in its precursors. Large intracytoplasmic masses of fat 
are formed from smaller droplets during the first week, and the paren- 
chymal cells are expanded to twice the original size. The fat content cf the 
liver in this stage may be increased ten times, but it rapidly disappears if 
choline is administered to the rat. If the choline-deficient diet is continued 
for 1 to 2 months, distended cell walls rupture and large fatty masses, 
called lipodiastemata, form by fusion of several cells. These and the fatty 
liver cells compress the sinusoids in the center of lobules where the intra- 
vascular pressure is lowest, with resulting interference with the oxygen 
supply. The partial anoxia is believed by Hartroft to be an important) factor 
in the ensuing atrophy and regression of liver cells which are followed by 
disappearan(^e of the fat and by the growth of fibrous tissue. \ 

The rapidity and extent of the increase in liver lipids in choline defidency 
as well as their removal following administration of choline suggest strc^ngly 
that the effectiveness of (*holine as a lipotropic agent depends on some Ainc- 
tioii of choline-containing phospholipids in fat metabolism. Definite evi- 
dence of an influence of choline on phospholipid activity in the form of 
data on the turnover of has been presented, but the (correlation of the 
appearance or disappeararuce of liver fat with changes in lecithin levels is 
not at all satisfactory. The accelerating effect of aminoethanol and of its 
mono- and dimethyl derivatives in certain aspects of phospholipid activity 
together with the lipotropic activity of betaine and methionine indicate 
that the maintenance of choline in one or another of its combined forms is 
a complex function of considerable importance. Actually, the choline re- 
quirement in weanling male rats given an adequate supply of protein was 
found by Griffith and Mulford^^ to l>e 2 and 5.5 mg. of choline chloride per 
day for the prevention of renal lesions and of fatty livers, respectively. 
The nature of the compounds sharing the lipotropic activity of choline is 
indicated in Section V, p. 45. 

The quantity and nature of the dietary fat influences the fatty liver but 
is not the determining factor because accumulation of liver lipids occurs on 
low choline diets that are low in fat Barrett ei fed deuterium-labeled 

fatty acids and were unable to demonstrate the piesence of the isotope in 
the liver fat. There appears little question but that the bulk of the excess 
fat in a fatty liver of this type is formed in the liver from carbohydrate. 
Nevertheless, Channon and Wilkinson^^ found variations due to the nature 
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»» C. H. Best and M. E. Huntsman, J. Physiol, (London) 83 , 256 (1936). 

W. H. Griffith, J. Biol. Chem. 132 , 639 (1940). 

« H. M. Barrett, C. H. Best, and J. H. Ridout, J. Physiol, (London) 93 , 367 (1938). 
♦» H, J. Channon and H. Wilkinson, Biochem, J, 30 , 1033 (1936). 



X. EFFECTS OF DEFICIENCY 


69 


of the dietary fat, as follows, in the liver fat of adult rats fed a low choline 
diet containing 5 % casein and 40 % fat: butterfat, 30.7 %; beef fat, 27.1 %; 
olive oil, 16.6 %; and cod liver oil, 7.2 %. The proportion of saturated fatty 
acids containing 14 to 18 carbons in the diet appeared to increase the 
deposition of fat more so than unsaturated fatty acids, including the solid 
unsaturated acid, elaidic acid.^^ gtetten and Salcedo fed ethyl esters of 
fatty acids in low choline diets and found the degree of the fatty liver to 
increase as the chain length decreased from 18 to 14. No severe fatty livers 
occurred if the dietary fatty acid contained less than 12 carbons. Ethyl 
laurate, however, was extremely toxic and caused death within a few days 
with symptoms resembling those of an acute deficiency of potassium. The 
fatal myocarditis was not related to a lack of tissue potassium, however, 
and the syndrome was prevented by choline. 

Raman^® compared the liver and carcass lipids resulting from feeding a 
fat-free and a high fat diet with and without choline. The dietary fat was 
highly saturated and fed at a 30 % level. The proportion of saturated fatty 
acids and the degree of unsaturation of the unsaturated fatty acids of liver 
phospholipids increased in choline-deficient rats on both diets. The carcass 
fat of animals on the high fat ration was increased by choline from 1 .5 to 
2,8% of carcass weight. Carcass fat on the fat-free diet was much higher 
(12% of carcass weight) and was unaffected by choline. It was evident 
that choline had little, if any, effect on the character of depot fat synthe- 
sized and stored in rats fed the fat-free ration. The usual lipotropic a(?tion 
of choline on liver lipids was ob8er\^od in these experiments. 

The feeding of cholesterol brings about the deposition of neutral fat and 
of cholesterol esters in livers of rats fed low choline diets containing added 
cholesterol. Choline prevents the fatty liver and partly reduces the level of 
the sterol esters.^'^* Similar results were obtained by supplements of ca- 
gein^s.so.si a,nd of methionine.®^ Choline deficiency was aggravated by 
dietary cholesterol in weanling rats.^® Choline was protective over the 
critical 8-day period but not over a 30-day period in surviving animals.®* 
Inositol was not more effective than choline upon cholesterol esters.®^ 
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Little is known of the details of the synthesis of lecithin, for instance, 
in the animal organism. In an attempt to clarify certain aspects of this 
problem, Tolbert and Okey®® injected P*Mabeled phosphate and C^^-methyl- 
labeled choline simultaneously in rats and determined the specific activity 
of various liver fractions after time intervals ranging from 3 to 96 hours. 
Similar renewal rates for phospholipid choline and phospholipid phosphate 
seemed likely because of the similarity in the rates of decrease in the spe- 
cific activities of the two labeled fractions after reaching their initial maxi- 
mum concentrations. Glycerophosphate satisfied the criteria for an imme- 
diate precursor of phospholipid. 

Artom has investigated thoroughly the effect of choline and of related 
compounds on the phospholipid content of livers of rats 2 to 3 months old 
and fed diets low in protein and in sources of labile methyl. Sigrificant 
decreases were found in the total and in the choline-containing phospho- 
lipids.^® These decreases were only partly prevented by supplements of 
choline administered at the start of the experiment and not preventi^d at 
all if fatty infiltration was allowed to exist for 7 or more days prior tb the 
addition of choline to the diet.®^ The absence of an effect of choline in the 
latter experiments was not prevented by simultaneous administration of 
various vitamins and amino acids, including methionine. In the case of 
diets varying in fat content, the addition of choline after the development 
of the fatty liver did restore the phospholipid level if 20 % or more of fat 
was present in the ration.®® Choline was more effective also if lactose re- 
placed dietary sucrose.®® The phospholipid tuniover in intestinal mucosa 
after the injection of and the feeding of choline with and without fat 
was less if the choline and fat were administered separately.®® The conclu- 
sion seemed clear that choline increased phospholipid formation in the 
intestine and did so especially during the digestion and absorption of fat. 
Liver phospholipids were affected similarly.®^ Aminoethanol and mono- 
methyl- and dimethylaminoethanol stimulated the formation of total 
phospholipids in both intestine and liver as much as did choline. The 
increase with choline was limited to the choline-containing phospholipids, 
whereas both choline-containing and non-choline-containing phospholipids 
were increased by aminoethanol and by its methylated forms.®^ 

Artom’s demonstration of the inadequacy of choline for the complete 
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restoration of the decrease in choline-containing phospholipids caused by 
choline deficiency in 2- to 3-month-old rats is particularly interesting be- 
cause he was able to show that choline was largely effective in weanling 
rats®® and that this effect was not duplicated by aminoethanol, methionine, 
serine, or glycine.®® He has interpreted these data as evidence for the par- 
ticipation with choline of a factor essential in phospholipid syntheses and 
present in weanling rats to a greater extent than in older animals. Artom 
and Fishman®® have emphasized the fact that older rats were used in pre- 
vious experiments which failed to demonstrate an effect of choline on total 
liver phospholipids^®' ®^' ®® or an effect on the choline content of livers,®^* ®® 
whereas weanling rats were used in studies in which total phospholipids®®* ®® 
or total choline-containing phospholipids®®”®® were reported to be increased 
by administration of choline. 

Brante®® found a significant increase in liver cephalin in rats maintained 
for several months on a choline-deficient, high fat diet. The level of 
choline-containing phospholipids in the liver was the same in rats with and 
without choline. No difference in the total choline content of liver and 
kidneys of rats on control and low choline diets was noted by Kahane et 
but the amount in the rest of the body was somewhat less in the 
deficient group. Muscle creatine levels were not affected by an existing 
deficiency of choline that permitted development of fatty livers.^^ 

Kensler et alP have made the very significant observation that the choline 
oxidase activity of the liver and kidneys of young rats increases sharply 
during the age period in which they are particularly susceptible to acute 
choline deficiency. Of interest in this connection is the finding that the 
severe renal lesions of choline* deficiency were less frequently fatal in 20- 
day-old rats than in those 21 to 27 days of age.® 

Chaikoff investigated the rate of phospholipid metabolism in rat liver 
as measured by phosphorus turnover studies following the administration 
of radioactive phosphorus (P®®), Choline and betaine^® and cystine and 
methionine^^ accelerated the turnover of phosphorus, the effect of a single 
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supplement lasting 6 or more hours. Betaine was less effective than choline. 
The latter substance was particularly active in rats fed cholesterol.’® There 
was little indication in these experiments of variations in the total phospho- 
lipid content of the liver. A slight increase in this fraction of liver lipids 
followdng the administration of choline or methionine was noted by Horn- 
ing and Eckstein, but this was not correlated necessarily with lipotropic 
activity.’® 

Artom and Swanson observed that slices from livers of rats previously 
fed a low choline, low protein diet incorporated P®® into phospholipids at a 
slower rate than slices from rats fed high protein diet or a stock di^. Prior 
administration of choline in vivo reversed the fatty infiltration but ‘did not 
restore the ability of the isolated liver to synthesize phospholipids, ^n fact, 
the addition of choline in vitro inhibited phospholipid formation.”^ Boxer 
and Stetten fed N^®-labeled choline to rats and found the rate of replace- 
ment of phospholipid choline in the liver to be 3.9 mg. per rat per day. 
With cessation of the labeled choline supplement, new, non-isotopic choline 
replaced the isotopic fraction at a rate of 1 .3 mg. per day while fatty livers 
developed. They concluded that the fatty livers were due to a decrease in 
the rate of incorporation of choline into tissue phospholipids.’^^ The admin- 
istration of choline and of aminoethaiiol increased the rat»es of formation 
of lecithin and of cephalin, respectively, in fasted and fed rats previously 
given radioactive phosphate.’® Partial hepatectomy impaired the foimation 
of intestinal and hepatic phospholipids,*^* but choline was ineffective in 
preventing the resulting fatty liver.®^ 

Deposition of excess lipids in the liver may result from many and diverse 
causes, and, in certain instances, choline is without effect as a lipotropic 
agent. Best has summarized the pertinent facts in this field.®® Of particular 
significance is the distribution of accumulating fat, in the center of liver 
lobules if due to hypolipotropism and in the periphery if due to the activity 
of the anterior pituitary or to extracts of this gland. The administration of 
anterior pituitary extract in fasting guinea pigs, rats, and mice mobilized 
body fat in the liver .®^* ®® Inasmuch as this result did not occur if the ad- 
renals were removed, MacKay concluded that the effect w-as mediated 
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through the adrenals.®® That depot fat was the probable source of the 
mobilized fat was indicated by the use of deuterium as a means of dis- 
tinguishing newly synthesized triglycerides.^^* ^ Liver fat was increased by 
both growth hormone and by ACTH,®®* ®® presumably the active materials 
in the original pituitary extract employed by Best and Campbell.®^ On the 
other hand, the administration of cortisone in rats fed a low (;holine diet 
failed to prevent the deposition of liver fat, although considerable protec- 
tion against hemorrhagic degeneration was afforded.®® Olson and Deane^® 
described changes in the adrenal cortex during the acute phase of hemor- 
rhagic degeneration but believed the alterations to be secondary to the 
renal lesions. Neither desoxycorticosterone acetate nor whole adrenal ex- 
tract influenced the course of the acute phase of choline deficiency. The 
marked hyperactivity of the zona glomerulosa at the time of the renal 
lesion was ascribed to altered electrolyte balance. 

The feeding of choline-deficient diets to adult rats removed the elevated 
blood pressure resulting from partial nephrectomy in the experiments of 
Handler and Bernheim. ACTH restored temporarily the h 3 rpertensive state 
in these animals although it was without effec.t in normal controls, and it 
was suggested that secretion of ACTH is impaired in choline-deficient rats.®' 
Adrenalectomy partially prevented fatty livers in male rats on a choline- 
deficient diet, hut there was little effect in females.®^ 

Shipley ct al. noted increased liver fat in female rats but not in males 
after castration. ®2 Testosterone propionate aggravated both renal and he- 
patic lesions in female rats and hepatic lesions in male rats fed a low choline, 
high fat diet.®® Male rats had been found more susceptible than females to 
severe, acute choline deficiency.® Castration of male rats caused a marked 
reduction in blood lipid phosphorus in rats on a hypolipotropic diet.®^ 

Shipley reported that thyroidectomy prevented fatty livers in male and 
female rats on a choline-deficient diet.®® Handler, on the other hand, found 
that removal of the thyroid or the feeding of thiouracil caused a small 
increase in neutral fat and a marked increase of cholesterol in livers of both 
control and choline-deficient rats.®® 
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The lipotropic effect in rats of exposure to cold constitutes a striking 
exception to the usual correlation between severity of choline deficiency 
and the metabolic level. Sellars and You found an average liver fat of 7.2 
=fc 1.24% in animals maintained at 2.5® whereas controls fed the same low 
choline diet and maintained at 25® had an average liver fat of 24.8 db 4.90 %. 
The ‘^cold'* animals consumed 50% more food.®* The choline-like effect of 
cold was not a temporary phenomenon and continued through a 15-week 
experimental period; it occurred in animals acclimatized to cold prior to 
the feeding of the hypolipotropic diet; and it was not prevented by thyroid- 
ectomy and subsequent administration of a daily maintenance do^ of 
thyroxin.®^ However, exposure to cold was only partially lipotropic il the 
diet contained 50% fat. Stimulation of the adrenals was not believdd a 
primary factor because cortisone failed to prevent the development of <.the 
fatty liver in rats on a low choline diet.®* The study of the increased metabo- 
lism in “cold” rats under various conditions has not permitted a satisfactory 
explanation of the lipotropism due to the lowered en\dronmental tempera- 
ture.®* Although both thyroid and adrenal hormones were believed necessary 
for the mechanism involved, hyperactivity of either gland was not con- 
sidered an essential factor.®®* 

The administration of low molecular weight halogenated hydrocarbons 
by injection or by inhalation in rats on low choline, low protein diets caui^s 
severe fatty infiltration and degeneration of the liver. Heppel et ah found 
methionine considerably more protective than choline, although the latter 
with cystine increased the resistance of animals exposed to ethylene and 
propylene dichloride.^®^* Calder concluded that choline plus a thermo- 
labile factor in yeast, which was not thiamine, decreased the liver damage 
caused by chloroform in rats,^** Carbon tetrachloride caused anemia as well 
as hepatic pathology in rats.^*^ The former responded to methionine, but 
neither methionine nor choline prevented the fatty degeneration. Coulson 
and Brazda tested pyridine, quinoline, and a number of pyridine deriva- 
tives and found choline relatively ineffective as a protective agent.^** 
Reference has been made previously to the degenerative changes in the 
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liver that predispose to experimental cirrhosis in rats and to the fact that 
hypolipotropic diets usually result in hepatic fibrosis that starts in the 
centrolobulw region. This type of liver pathology is prevented by lipo- 
tropic agents, particularly by choline and methionine. Extent of curative 
effects depends on the degree of damage that has occurred. This experi- 
mental cirrhosis must be distinguished from the hemorrlu^ and necrosis 
or necrotic degeneration that occurs in rats if fed certain deficient diets, 
especially diets low in cystine and vitamin E, and from the pathology 
caused by an excess of dietary cystine. These various conditions have been 
described by many workers.*®*'**® 

A characteristic feature of cirrhotic livers due to a deficiency of lipotropic 
factors is an acid-fast and sudanophilic pigment named “ceroid” by Lillie 
et Victor and Pappenheimer reported that ceroid was associated with 
vitamin E deficiency,**® a conclusion supported by Hartroft,*® who sug- 
gested the possibility that the deposit was a mixture of lipids and some 
component of erythrocytes.*** 

Liver damage caused by the excessive administration of ethanol in rats 
affords an excellent illustration of the protective role of lipotropic substances 
such as choline.*®* • **® Ashworth reported, however, that alcohol exerted 
an effect unrelated to lipotropic factors.*®* Best e( al.‘^ and Hartroft** found 
increased fibrous tissue formation in nearly 50 % of rats fed a low protein, 
low choline diet and given 15 % alcohol as drinking water. Pair-fed controls 
developed the same degree of damage only if the total caloric intake was 
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made equivalent to the alcohol intake by isocaloric amounts of sucrose. It 
was concluded that the effect of alcohol on the livers of rats in experiments 
of this type was due to a deficiency of lipotropic factors, especially of 
choline. 

Kaufman et al. were unable to produce experimental hemochromatosis in 
rats by feeding a diet low in lipotropic factors and containing a moderately 
toxic level of copper. The combination of copper and choline in this diet 
decreased the body weight of the animals. 

3. Effect of Sulfur Amino Acids 

In 1935, Best and Huntsman reported that casein exhibited lipotropic 
activity,*’ a result confirmed by Chamion and Wilkinson**'* and exteiK^ 
to egg white and beef protein, but not to gelatin, by Best et a/.*** In a sur- 
vey of the effect of various amino acids, Beeston and Channon found on^, 
cystine, with a marked antilipotropic acti\'ity.*** In subsequent experiment^, 
negative results for most of the other amino acids were confiimed,'” • *** and 
cysteine and homocystine were found to resemble cystine in augmenting 
the deposition of fat in the livers of rats fed the low choline, 5 % protein, 
and 40% fat diets that were commonly used.’*’- **" The explanation of the 
puzzling lipotropic character of many proteins was indicated by the im- 
portant observation of Tucker and Eckstein that a supplement of methio- 
nine reduced markedly the liver fat of rats on the experimental diets and', 
in this respect, acted oppositely to cystine.**' The choline-like property of 
methionine has been confirmed repeatedly.®-’’ '**-*** It is pertinent that Best 
called attention to the significant fact that methionine rarely reduced the 
level of liver lipids to normal values even though it was highly effective 
in preventing excessively fatty livers.'** The participation of methionine in 
transmethylation as a methyl donor with synthesis or sparing, at least, of 
choline offers a reasonable explanation of the lipotropic proixirty (Section 
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IV). The similar behavior of most proteins depends on their content of 
this amino acid inasmuch as it is the only one of these units commonly 
present in proteins for which significant lipotropic activity has been demon- 
strated.^®®*^®® 

The effect of cystine and its apparent antagonism to methionine have 
intrigued many investigators. Beeston and Channon noted that the cystine 
effect was not proportional to the level of the cystine supplement,^®® and 
this may explain the minimal influence of additions of the amino acid to 
low choline, low protein diets in which the protein was gliadin^®^ or albu- 
min, both relatively richer in cystine than casein. Attempts to compare 
the lipotropic acti\nty of free methionine with equivalent amounts in vari- 
ous proteins have not yielded uniformly consistent results.^®®* ^®®' ^®^' ^^®*^^® 
This is not surprising in view of differences in strains and in the age of 
experimental rats, of changes in the nutritional state of the animals in 
those instances in which a deficiency of protein was superimposed on a 
deficiency of methyl, of variations in the supply of cystine, and of the 
unrecognized presence in some diets of nutrients, such as B 12 , which are 
now believed to influence favorably the utilization of methionine. 

Somewhat more consistent results have been obtained in studies of the 
cystine effect in weanling rats. GriflSth and Wade noted clear evidence of 
the aggraA^'ating effect of added c*ystine on both renal lesions and deposition 
of liver fat on diets ordinarily considered adecpiate in total protein.^®® Cox 
et al. had obs(»rved this result before cdioliiie was recognized as a dietary 
factor.^^^ In line with data obtained on older rats,'®® the maximum cystine 
effect in weanling rat-s fed a diet containing 0.05 % choline chloride and 18 % 
casein resulted if 0.1 to 0.2% additional cystine was added. Cystine sup- 
plements up to 2 % had no additional effect.®' These data emphasized the 
physiological role of a small supplement of cystine and removed any basis 
for an explanation of the cystine effect because of toxicity. Mulford and 
Griffith demonstrated that the addition of extra cystine to the 18 % casein 
diet supplemented with sufficient choline to prevent fatty livers resulted in 
improved growth of the rats as measured by increased body weight and 
length and efficiciKy of utilization of food. Accordingly, it was concluded 
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that the phenomenon involving cystine was related to its improvement of 
the nutritive value of the diet, i.e., the removal of the existing sulfur defi- 
ciency. The resulting increased metabolic level raised the choline require- 
ment and exaggerated the deficiency signs in the absence of a supply of the 
required extra choline. This explanation made unnecessary any hypothesis 
based on a specific antagonism or competition between the sulfur amino 
acids, methionine and cystine. 

The fact that weanling rats develop severe evidences of deficiency on low 
choline diets, even on diets adequate in protein, made it possible to study 
protein effects without the risk of protein deficiency. Griffith fed mixtijres 
of casein, lactalbumin, fibrin, edestin, and gelatin with and without sup- 
plements of methionine and cystine and found that dietary choline was i^ot 
required for the prevention of hemorrhagic degeneration if the food mixti\re 
provided 0.8% or more methionine, regardless of whether this level was 
attained by use of proteins or by methionine supplements.^®® Renal lesioiis 
and fatty livers occurred on low choline diets providing 10 to 25 % casein,^®* 
and 30 % casein was required to prevent the cystine effect in the absence 
of added choline.^^ The latter observation was the basis for the conclusion 
that a single molecule of methionine is not simultaneously a source of both 
labile methyl and cystine sulfur, inasmuch as 22 to 24% casein supplies 
the optimum level of sulfur if dietary choline is provided.^^ 

The relation between the general adequacy of the diet for growth, except 
for its choline content, and the deposition of liver fat was emphasized in 
the first report on choline deficiency in weanling rats. With diets only 
moderately deficient in choline, the deposition of liver fat was intensified in 
those permitting the better rates of growth.- The concept that nutritionally 
adequate diets involve increased needs of choline, and the converse, that 
choline requirements are less if the food mixture or the food intake does not 
allow grov^iih, were supported by the results of caloric restriction in wean- 
ling rats fed a choline-deficient diet. The development of renal lesions and of 
fatty livers was completely prevented by removal of part of the carbo- 
hydrate and fat of the diet.^^ Similar conclusions regarding the nature of 
the diet and the requirement of choline have been reached by Beveridge 
et Salmon, Handler, and Best.^ 22 . ui 

Handler prevented growth in young rats by feeding them a diet deficient 
in choline and in the mineral component of the ration. After 4 weeks these 
animals had not grown and the values for liver lipids were nearly normal 
whereas rats restricted to the same amount of food containing the mineral 
ccmponent grew slowly and had markedly fatty livers.^^® 
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Salmon concluded that weanling rats on diets containing 18% or less 
casein were subject to methyl deficiency imless supplemental choline or 
methionine was supplied.^^® This deficiency was intensified by cystine and 
by fat. Such animals also required supplementary nicotinic acid or addi- 
tional tryptophan unless the diet was high in fat. It was not possible to 
demonstrate a deficiency of cystine unless the methyl and nicotinic acid 
deficiencies were remedied. In contrast is the surprising observation of 
Tyner ei ah that the cystine effect was abolished if generously adequate 
levels of niacin or of tryptophan were provided.^^* 

Treadwell and coworkers have also studied the cystine effect in both 
young and adult rats.'*^* The intensification of renal lesions in wean- 
ling rats by supplements of cystine was confirmed, but the explanation 
based on the increased demand for choline because of the otherwise im- 
proved food mixture was questioned.^®* Treadwell suggested that the me- 
tabolism of cystine may require methyl groups or that extra cystine may 
depress the demethylation of methionine by a mass action effect.^*® Neither 
possibility explains the similarity of lipotropism in diets supplemented with 
0.1 and 2.0 % cystine.®^ The failure of cystine to induce growth on low casein 
diets, as noted by Treadwell^*® and by Salmon,^*® is not surprising. Griffiih 
and Nawrocki found that threonine increased the need of choline in cystine- 
supplemented 8% casein diets and concluded that at this casein level 
cystine (or methionine) and threonine were the first and second limiting 
amino acids, respectively.^^ 

The synthesis of choline in rats fed diets containing methionine as the 
main methyl donor requires a suitable carbon-nitrogen moiety to serve as 
the methyl acceptor and whatever cofactors are necessary for the enzy- 
matic systems involved. There appears to be little difficulty in the provision 
of the dietary essentials for these mechanisms. Rose et al. found no statis- 
tically significant effect on the growth of weanling rats as a result of the 
omission of glycine, serine, cystine, and most of tlie choline from a standard 
diet containing a mixture of highly purified amino acids as the source of 
nitrogen.^®® The same omissions caused a slight but significant retardation 
of growth in similar diets in which the methionine level was decreased from 
0.8 to 0.5 % (as DL-methionine) and the threonine level from 0.7 to 0.4 % 
(as L-threonine) and in which the liver extract, a possible source of B12, 
was also omitted. 

Ethionine (S-ethyl-DL-homocysteine) is a homolog of methionine and is, 
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therefore, a potential antagonist of the natural amino acid. It was found to 
inhibit methyl transfer from methionine to choline but not to creatine.*®^ 
Fatty livers occurred rapidly after its injection into female rats but not in 
male rats, and this antilipotropic effect was opposed by methionine.^®® 
Evidence has been provided for its incorporation in vivo into an abnormal 
type of tissue protein.^®* Stekol showed that ethionine was deethylated in 
the rat^®’ and that its inhibitory action on rat growth was prevented by the 
administration of either choline or methionine.^®* In similar experiments 
with triethylcholine, choline was more efficient than methionine in the pre- 
vention of a deleterious effect on growth.^®*^ These data suggest the parmci- 
pation and interference of ethionine in transmethylation. \ 

4. Effect of Other Nutrients 1 

A lipotropic action of inositol was first reported by Gavin and McHenry'®^ 
and studied further by MacFarland and McHenry.*®^ Rats, 90 to 100 g. ih 
weight, were depleted of fat and of B vitamins for 3 weeks on a fat-free, 
high carbohydrate diet; during a fourth week test substances were adminis- 
tered and the livers were analyzed for lipids. In su(‘h (experiments a crude 
beef liver fraction, a liver extract, or a biotin plus f(4ic acid supplement with 
extra thiamine, riboflavin, pantothenate, and nicotinic* acid producied fatty 
livers resistant to choline and responsive to inositol. McHenry emphasized 
particularly the effectiveness of inositol in reducing the kivel of liver choles- 
terol. A supplementary action of inositol with choline was descjribed by 
EngeP*^ and confirmed by Forbes.^®® Beveridge noted that the inositol effect 
was absent if the diet contained corn oil.^®^* ^®® The favorable^ influence of 
inositol was also observed by Handler,^®® but both Ilandler^^ and Best el 
reported that in the absencje of choline renal lesions were intensified 
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by inositol. Best et ah have reinvestigated the lipotropic activity of inositol 
and have found that the analysis for liver lipids at the end of the 7-day test 
subsequent to the depletion period may not be representative of values 
existing earlier or later.®^ They concluded that inositol has no unique lipo- 
tropic properties and that it is inferior to choline in the reduction of either 
liver fat or cholesterol esters. Its supplementary action with choline in fat- 
free diets was confirmed. No explanation has been brought forward for the 
influence of inositol on liver lipids other than its possible role in an inositol- 
containing phospholipid. 

In 1933 Blatherwick el ah reported the occurrence of fatty livers in rats 
fed large amounts of whole liver.^®* This result was confirmed by Beeston 
and Wilkinson, who were unable to demonstrate a lipotropic action of 
choline.^®® McHenry, using the depletion procedure referred to above, found 
marked increases in liver fat and cholesterol following the feeding of a liver 
fraction^’® and biotin.^*®* The term “biotin fatty liver’^ was applied, and 
it was believed that inositol was more effective than choline in this condi- 
tion. The concept of a special type of fatty liver due to biotin was attacked 
by Best et and by Handler.^®® These w^orkers were unable to find satis- 
factory evidem'se for an unusual effect of inositol or for a special role of biotin 
other than the effect to be expected as a result of changes in food intake and 
utilization. 

McHenry noted a marked increase in liver fat in rats following the addi- 
tion of thiamine to a low choline, thiamine-deficient diet.^^^ Choline, but 
not inositol, was found to be lipotropic for this so-called “thiamine fatty 
liver. Somewhat similar results w^ere observed by Engel and Phillips, who 
concluded that thiamine therapy caused a temporary pathological state as 
a result of disruption of cells by excessive production of fat.^^® The hydropic 
degeneration and fatty changes were not prevented by choline, but des- 
iccated thyroid was effective. McHenry had suggested earlier that thiamine 
might be essential for the synthesis of fat from carbohydrate.'^® The proba- 
bility of such an origin of the extra liver lipids in choline deficiency wras 
supported by the exclusion of increased absorption from the intestine”® and 
of increased mobilization of tissue fat®' as possible sources. Regardless of 
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the relation of thiamine to the synthesis of fat, it is doubtful if the deposi- 
tion of extra fat resulting from the supplementation of tlie deficient diet 
has any different explanation from that which explains satisfactorily the 
effects of biotin, cystine,* and minerals.*** This conclusion is given solid 
support by the findings of Boxer and Stetten, who caused labeling of newly 
synthesized fat by the administration of D 2 O in rats, produced fatty livers 
on a low choline diet with and without dietary thiamine, and noted that 
the decrease in the synthesis of fat in the thiamine-deficient animals was 
paralleled by that in the animals supplied thiamine but restricted to, the 
same food intake as the thiamine-deficient group. '^* | 

By way of contrast to thiamine, it is of interest that pyridoxine has been 
reported to be necessary for the prevention of fatty livers. Rats deficWt 
in, vitamin Be developed fatty livers to a greater extent than control!,*^ 
and necrosis of the kidney cortex was noted more frequently as a symptom 
of choline deficiency.”* The feeding of a very high casein diet after depletion 
of fat and of B vitamins resulted in an additional weight loss and in the 
development of fatty livers unless pyridoxine was supplied.”* According to 
Engel, pyridoxine and essential fatty acids must be present for the normal 
functioning of choline as a lipotropic agent in rats."* 

Niacin and its derivatives have been linked with lipotropism in rats in a 
variety of experiments. Niacinamide and, under certain conditions, the di- 
phosphopyridine nucleotide inhibited choline oxidase in in vitro studies.**® 
Growth of rats on low protein, methyl-poor diets containing niacinamide 
was affected adversely, presumably because of further depletion of methyl 
due to the formation and excretion of N*-methylniacinamide.** The cystine 
effect was absent in young rats unless nicotinic acid was present in the 
diet,*** and the cystine effect was abolished in older animals in the presence 
of generously adequate levels of this vitamin.*** Forbes found that the addi- 
tion of niacin to a low choline diet increased the cholesterol content of 
fatty livers and decreased the responsiveness of the animals to the lipotropic 
effect of choline.*** It is not possible to conclude that any of these effects 
represent direct relations between the metabolism of choline and of niacin 
in vivo except the changes introduced by the methylation of the vitamin. 
Many of these results may be explicable on the basis of non-specific effects 
on food intake and utilization. Handler showed that dietary niacinamide 
(2%) resulted in a greater loss of weight in partially hepatectomized rats 
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than in controls.^® Fatty livers on low choline diets were prevented by ni- 
acinamide or by a deficiency of thiamine. These results were believed due 
to an impairment of the metabolism of the rat rather than to a specific 
defect involving niacin or thiamine. 

It is not possible to discuss the many investigations that indicate impor- 
tant relationships of folic acid, folinic acid, and Bi2, or their derivatives, 
to choline and to methyl metabolism. That certain of these factors may be 
involved in transmethylation, in formate-to-methyl synthesis, or in the 
betaine-glycine-aminoethanol system appears highly probable. In so far as 
the rat is concerned, observations up to the present time have demonstrated 
that its ability to synthesize the methyl and the aminoethanol portions of 
choline depends on one or more of these newer vitamins. Schaefer 
et alP* 188-185 have demonstrated that the requirement of choline for the 
prevention of renal lesions and for the maintenance of normal liver lipids 
in young rats on a diet low in choline and in methionine may be decreased 
as much as one-half by the addition of B12 and folic acid. These nutrients 
appeared to increase the utilization of betaine and methionine in the methyl- 
ation of aminoethanol to (jholine and of betaine in the methylation of homo- 
cystine to methionine. In general, B12 was effective alone if present in ade- 
quate amounts. If present at a subnormal level, its value was improved by 
folic acid. The latter was believed ineffective in the absence of B12. Hale 
and Schaefer noted that weanling rats of the Sprague-Dawley strain had a 
lower choline requirement for protection against renal hemorrhage and a 
higher requirement for prevention of fatty livers than young of the Alabama 
Experiment Station strain.'** Lipotropic activity was ascribed to B12 in the 
experiments of Gyorgy'*^ * and to B12 and folic acid in the studies of 
Drill"** '** and of Fischer.'®* Growth of rats on diets devoid of labile methyl 
and containing B12 and folic acid was reported by Bennett,'®*® by Stekol,"^ 
and by du Vigneaud.'®*® 
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Many observations support the view that folic acid or a derivative in- 
fluences formate metabolism in the rat and thereby affects the formation 
of aminoethanol from serine and glycine and the formate-to-methyl Syn- 
thesis which may be involved in the conversion of aminoethanol to choline. 
Totter et al. noted a favorable effect of folic acid on the metabolism of 
glycine which was manifested by an increased excretion of porphyrins, be- 
lieved to indicate improved synthesis of hemoglobin, and by a neutralization 
of the symptoms of glycine deficiency produced by the administration of 
sodium benzoate.^®^ Elwyn and Sprinson found that the conversion of N^®- 
L-serine to glycine and the subsequent excretion of N*®-benzoylglycinje were 
reduced markedly in folic acid-deficient rats.^®^ Stekol ei al. reported that 
the deficiency impaired the use of the jS-carbon of serine and, to a uesser 
extent, of the 7-carbon of glycine in choline formation.^®®* The incoipora- 
tion of C^^-formate into serine of li\er proteins was greatly increased the 
treatment of deficient rats with folic acid,'®® and the synthesis of the choline 
methyl from methanol was improved by either folic acid or leucovorin.'®®* 

In confirmation of his own results'®*^* '®® aiid of those of others,®®*^ Williams 
found in in vitro studies that symptoms of folic acid deficiency in rats caused 
by feeding the antagonist, aminopterin, included an inhibition of the liver 
oxidases that convert choline and betaine aldehyde to betaine and of the 
enzymes that methylate homocystine.^®^ In contrast to the slight influence 
of a synthetic citrovorum factor, leucovorin, folic acid was necessary for 
the optimal formation of N*-methylnicotinamide from administered nic- 
otinamide in rats.2®2 

As in the case of folic acid, Bi2 has been involved in both methyl and 
formate metabolism. Oginsky found Bi2-deficient rats less able to form 
methionine from homocystine and either choline or betaine.®®® The de- 
ficiency had no appreciable effect on the formation of choline methyl from 
methanol'®® or from the j3-carbon of serine.®®^ Arnstein and Neuberger,®®®how- 
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ever, considered their data evidence for a role of B12 in the reactions which 
result in the formation of serine from glycine, and Stekol ei aL arrived at 
the same conclusion.^®®* ^®^ Choline prevented depletion of Bi2 in the livers 
of rats, but not of mice, on choline-deficient diets containing sulfasuxidine 
and iodinated casein.®®® The decrease in the epinephrine content of the 
adrenals of rats on a low B12 diet containing desiccated thyroid or iodinated 
casein was partially prevented by B12, and it was suggested that B12 may 
function in the formation of the methyl group of epinephrine.®®® The sar- 
cosine oxidase content of livers of hyperthyroid rats deficient in folic acid 
was unaffected but was reduced in Bi2-deficient animals.®®^ B12, however, 
was ineffective in restoring the enzyme content. 

Williams et ai.®®^*"* ®®^*" compared the effect of a deficiency of B12 on liver 
xanthine oxidase and betaine-homocysteine transmethylase levels and 
concluded that the decreased xanthine oxidase activity was an indirect 
metabolic effect, whereas the data indicated that the transmethylase may 
require B12 as a cofactor or as a precursor of a cofactor. Hawk and Elve- 
jem®®^° found no evidence of a choline-sparing action of Bi2f , a biologically 
different form of B12 recently described by Lewis et aZ.®®^"^ Stekol et aZ.®®’^® 
observed no effect of B12 deficiency on the transmethylation that yields 
choline from methionine although the incorporation of methyl into choline 
was diminished in both folic acid-deficient and pyridoxine-deficient animals. 
It was suggested that Bi2 , folic acid, and pyridoxine may be more concerned 
with the synthesis of methyl acceptors than with transmethylation itself. 

Dubnoff has made the interesting suggestion that one of the functions of 
a Bi 2 derivative is the reduction of homocystine to homocysteine, believed 
to be the actual acceptor of methyl.®®® A B12 concentrate increased the sulf- 
hydryl content of rat liver slices, and this effect was particularly noticeable 
in experiments on Bi2-deficient rats. The activity was associated with the 
B12 color after paper chromatography, although crystalline B12 and Bi2ft were 
negative. In subsequent observations Dubnoff demonstrated that homo- 
cysteine or homocystine plus a reducing agent replaced B12 or methionine 
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for the growth of an Est^tcnchici colt mutant (No. 113-3), a form which 
requires either Bw or methionine.*®* The growth-promoting value of homo- 
cysteine was enhanced by a trace of Bu, by a methyl donor such 
as dimethyl-jS-propiothetin, or by catalytic amounts of p-aminobenzoic 
acid. Dubnoff suggested that Bu is necessary for the maintenance of homo- 
cysteine in the reduced state and that it may also be required for the syn- 
thesis of p-aminobenzoic acid which may be involved in the synthesis of 
methyl groups. According to Shive, p-aminobenzoic acid, folic acid, and Bu 
are involved in the metabolism of formate in microorganisms.**® Ling and 
Chow reported that Bis corrected the decreased sulfhydiyl content of blood 
of Birdeficient rats.*” \ 

Although the dog has been used in most of the investigations on lipocaic, 
believed by Dragstedt to be a pancreatic hormonal anti-fatty liver factor,*** 
studies on rats also have been conducted and with varying results, pata 
have been presented which support the \'iew that the lipotropic activity 
of preparations of lipocaic is explained completely by their content of cho- 
line and of protein.***'*** In contrast to these results are findings which indi- 
cate that the potency of lipocaic cannot lie explained on the basis of its 
content of choline, methionine, or inositol.*'*'*** More recently, successful 
ligation of the pancreatic duct has been reported to result in fatty livers 
in rats on a choline-deficient diet.*** As in the experiments on dogs to be 
discussed later, this result appears due to the lack of a proteolytic factor 
in the external secretion of the pancreas that normally releases a choline 
precursor, presumably methionine, from dietary protein. Choline and the 
anti-fatty liver factor of the pancreas were reported to have opposing effects 
on the excretion of urinary ketones.*** 

Rats fed a protein-free diet showed an accumulation of liver glycogen 
and fat after one month, and the increase in lipid was only partially pre- 
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vented by choline.^®^ Extremely fatty livers resulted in choline-deficient 
rats fed at 20 % protein diet for one week following 7 days of fasting or 21 
days of protein depletion, although choline was effective in these experi- 
ments.“^ Prolonged feeding of diets low in protein and in choline resulted 
in severe nutritional anemia and edema in rats.^^®- ^^7 Both were prevented 
by choline, and Engel suggested that choline was a more important factor 
than dietary protein in the development of these abnormalities. The edema- 
tous condition was associated with hepatic fatty infiltration and subsequent 
cirrhosis. Anemia was also observed by Diaz et ah in rats fed a choline-de- 
ficient ration.*2s 

Weanling rats fed diets low in protein or in riboflavin or containing io- 
dinated casein consistently showed decreased levels of liver and kidney 
choline oxidase Ebisuzaki and Williams observed a parallelism between 
the flavin adenine dinucleotide and the choline oxidase levels of riboflavin- 
deficient rats. The latter workers concluded that the riboflavin-containing 
enzyme system vras a part of the hydrogen transport mechanism involved 
in the oxidation of choline by choline oxidase.®*® 

Singal et ah produced fatty livers in young rats fed low protein or low 
amino acid rations deficient in essential amino acids such as Ijrsine and 
threonine but containing 0.2% choline.®*^ Normal liver lipid levels resulted 
from supplementation with the missing amino acid. High levels of choline 
were lipotropic in the animals on the deficient diets but only partly so in 
those fed the inadequate amino acid mixture. B 12 had no lipotropic action 
in these experiments. As observed by Eckstein,®*® threonine was without 
effect in the absence of dietary choline. The rate of turnover of liver phos- 
pholipids was increased by the administration of threonine to threonine- 
deficient animals, although no such effect was noted in the turnover rate in 
the kidneys or in the small intestine. These results are of unusual interest 
in view of the observation that supplements of threonine in a low protein, 
choline-deficient diet aggravated s 3 nnptoms in young rats during the period 
in which the acute phase of the deficiency occurred.^®® 
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Morgan and Lewis noted the absence of fatty livers in rats on diets lack- 
ing both choline and pantothenic acid.^*® They concluded that fat metabo- 
lism was seriously deranged in these animals because of a depression of 
adrenal activity resulting from the lack of pantothenic acid. 

Honorato and his associates suggested that choline plays a role in the 
antihemorrhagic activity of 2-mcthyl-l ,4-naphthoquinone and reported 
that the latter showed lipotropic acthity.®®* An antagonism between heparin 
and choline with inactivation of the former^®® w^as not confirmed.^®® Lecoq 
ei aL observed that the effect of dietary cystine on chronaxie of rajbs was 
corrected by vitamin K plus choline.®®’ 

5. Other Effects 

In the preceding discussion, emphasis has been placed on the rena^ and 
hepatic changes that appear in choline-deficient rats. Many other eijfects 
of the deficiency syndrome have been recognized, some traceable directly 
to previous abnormalities in the kidneys and liver. Of unusual interest has 
been the observation of Best and Hartroft,®* ®®® confirmed by others,®®®* 
that hypertension developed in rats 4 to 7 months after the onset of acute 
choline deficiency even though fed a normal diet subsequent to the acute 
episode. It had been demonstrated previously by Sobin and Landis that 
hypertension did not result from a prolonged chronic deficiency of choline, 
and Handler ei ah noted that hypertension in partially nephrectomized 
rats disappeared if a choline-deficient diet w^as fed.®' A partial solution of 
this anomalous situation in w^hich damage oc^curred as a result of restora- 
tion of a normal diet was afforded by the demonstration that the hyperten- 
sion following acute deficiency w'as prevented by decapsulation of the 
kidneys.®^® This suggested that the damaged capsule restricted the increase 
in size of the recovering kidney as it developed on the normal diet and that 
h)npertension was the ultimate result as in the case of animals in w^hich 
h 3 rpertension w’^as induced by coating the kidney with cellophane or other 
restrictive materials. 

In studies on the carcinogenic action of p-dimethylaminoazol>enzene 
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(DAB), or butter yellow, demethylation prior to fission of the azo 
linkage^^®' ^44 methylation of the resulting p-monomethylaminoazoben- 
zene®^ were demonstrated in rats. This observation appeared to support 
the conclusion of Jacobi and Baumann that DAB was a methyl donor be- 
cause it prevented the development of renal lesions in young rats on a 
choline-deficient diet.^^® Later, Baumann was of the opinion that the pro- 
tection against renal lesions must have had another explanation^^® in view 
of the failure of choline or of choline deficiency to affect the incidence of 
tumors following DAB administration.247-260 Subsequently, it was shown by 
the feeding of C-'^-methyl-labeled DAB that the tagged carl)on appeared 
quickly as carbon dioxide in the expired air and that none was found in the 
methyls of tissue choline or (ireatine.^®^ Choline in drinking water did not 
affect the induction of tumors in rats following the injection of 1, 2,5,6- 
dibenzanthracene^^ or the lesions of bone marrow produced by nitrogen 
mustards.^®* 

Using a strain of rats vrith a high choline requirement Engel et al. 
observed that over one-half of chronically deficient animals developed neo- 
plasms of various types whereas no lesions appeared in control animals.^'®* 

A similar finding w^as reported by Viollier.^®® Aloisi and Bonetti described 
lesions in the muscjles of rats suffering from a prolonged deficiency of methyl 
donors.2®* The abnormality differed from the experimental dystrophy due 
to a deficiency of vitamin E, but it was not possible to separate the direct 
effect of a lack of methyl from the secondary influence of the hepatic 
pathology. 

Malignant tumors of the human brain contained elevated levels of free 
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and combined choline, and increased concentrations were also found in 
transplanted epidermal carcinomas in mice.®®^ In the latter studies the in- 
crease appeared to be due to phospholipids. 

The passage of fat through the intestinal mucosa during absorption was 
accelerated by feeding choline with the fat, according to Frazer.^®® Tidwell 
presented evidence for the view^ that choline played a chemical role and did 
not influence absorption because of an effect on emulsification.*®® This view 
is in line with the favorable influence of choline on phospholipid 
synthesis.*** *®* *®^ Directly or indirectly, choline affected the intesti|ial ab- 
sorption and distribution of vitamin A. Rats on a choliue-deficiei|it diet, 
containing liberal amounts of carotene developed fatty livers poorUn vi- 
tamin A although the kidneys were rich in the vitamin.**^ The additjion of 
choline to solutions of vitamin A in olive oil yielded higher levels o| liver 
vitamin A after oral administration in normal rats.**® \ 

Choline and pyridoxine were protective against the hyperplasia and ul- 
cerations that appeared in the forestomach of rats fed a diet containing 
white flour and cystine as the sources of nitrogen.*®^ Sharpless suggested 
that regurgitated bile might be an important cause of the lesions and that 
choline prevented regurgitation by stimulation of the smooth muscle of 
the intestine.*** 

Abdon and Borglin reported that an impairment of oxidative metabolism 
was an early symptom of choline deficiency in rats. The in vitro oxygen con- 
sumption of minced muscle tis.sue from deficient rats w^as not increased by 
choline or methionine but w^as returned to a normal value by an acetone- 
insoluble preparation of splenic tissue.*®* Olson and Deane noted decreased 
respiration of kidney slices during the a(‘ute phase of hemorrhagic degener- 
ation.^* 

Dinning et ai demonstrated that leucopenia was present in rats main- 
tained for 65 days on a diet low in methionine (0.27 %) and in B 12 and con- 
taining a moderate level of choline (0.1 %). The interference with leucocyte 
formation w^as prevented by supplemental methionine with or w ithout folic 
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acid and B 12 , or by additional choline or betaine with supplements of folic 
acid and Later it was shown that leukemic mice excreted larger 

quantities of creatine and allantoin than normal animals*^^ and that this was 
the result of increased synthesis of creatine.^^ Kelley et al caused marked 
leucocytosis in rats by feeding excessive levels of glycine (10%) and choline 
(2%). Riboflavin and folic acid were essential for this effect.^* 

Chfevremont concluded that choline was responsible for spontaneous trans- 
formation of <*ells of cAiltures of skeletal muscle or of subcutaneous connec- 
tive tissue into histioc^’tes.^^^ The change of mus(ile cells into histiocytes, 
believed to be caused by high concentration of choline, was observed also 
by Firket and Cornil.*^^ 

Abdon and Borglin observed bradycardia in (*holine-deficient rats, which 
disappeared quickly following intravenous administrations of choline.®^® 
Choline restored to normal an increased level of pseudocholinesterase in 
male rats and a decreased level in female rats.®^ 

Guggenheim and Olson determined the specific activity of tissue fatty 
a(dds after administration of carboxyl-labeled acetate and were unable to 
find evidence of impaired lipogenesis in choline-deficient rats.®^* Deuel et al. 
showed that the lipotropic activity of choline was not due to an increased 
rate of oxidation of fat.®’® The deposition of vitamin A in the livers of de- 
pleted rats was not affected by choline deficiency or by the presence of a 
fatty li^'er.®^ Impaired metabolism of carbohydrate and of fat, as w^ell as 
functional damage to liver cells, decreased the hepatic synthesis of choline.®*^ 
Elevat^ed environmental temperature increased the choline requirement of 
rats.®^® The report that choline deficiency resulted in a loss of contractility of 
the uterus and partial atrophy of both uterus and ovaries in rats®” has not 
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been confirmed.^^ Sure concluded that choline was indispensable for lacta- 
tion and growth in rats.^^s Rustiness of the hair was produced by omission 
of either choline or pantothenic acid from the diet.^®® On the other hand, 
so-called bronzing of the hair in young rats was ascribed to the choline 
intake and was prevented by dietary yeast or by the presence of dextrin 
in the ration Dietary choline prevented toxic effects of excess 
methionine.^®® 

6. Fate of Choline 

The data of Luecke and Pearson may be cited as confirmatory evidence 
of the conclusion of earlier investigators^®®’ that administered choline 
and betaine disappear rapidly.^®^ Of 10 to 20 g. of choline administerea to 
sheep, only 1 % was recovered in the urine during a 48-hour period, an equal 
amount was found in the feces, and no accumulation was detected in li\^r, 
kidney, or blood. Similar results were found in dogs. No excretion of betaine 
followed the ingestion of 20 g. of this substance in a sheep. Davies showed 
that 14 to 43% of the nitrogen of choline and of betaine in the diet of cows 
was excreted as trimethylamine oxide.^®‘ Small amounts of trimethylamine 
and traces of the di- and monomcthylamines were found. Davies noted 
that cattle fed sugar beet by-products consumed as much as 100 g. of betaine 
daily without the excretion of detectable amounts. It is probable that tri- 
methylamine is the result of the action of intestinal microorganisms on 
choline or betaine, 2 ®® inasmuch as many organisms are known to have this 
effect.^®^"^®® Whether or not animal tissues also form trimethylamine needs 
further study. This substance was identified as a product of in tdtro me- 
tabolism in liver slices, but the sterility of the system was not dem- 
onstrated.^®^ The rapid disappearance of repeated sublethal doses of choline 
in rats and mice was reported by Kahane et aZ.®®® 
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A most extensive study of the urinary excretion of choline in rats and 
in man has been carried out by Borglin.^®* The output in the urine of rats 
varied with the intake and amounted to 0.27 to 0.44 % of the choline in 
the food. The dietary choline was the principal factor governing excretion, 
the presence or absence of other sources of methyl, of protein, and of fat 
having relatively little effect. 

The oxidation of methyl groups of choline to carbon dioxide has been 
noted previously, and it is reasonable to assume that the nitrogen of the 
demethylated choline or betaine is excreted as urea. There is some question 
regarding the fate of administered trimethylamine. Davies reported the 
quantitative excretion of this compound and of its oxide as the oxide in the 
cow.^®2 Langley, however, recovered only 20% of the trimethylamine given 
to rabbits; the remainder of the nitrogen was believed to be excjreted as 
urea.®*" 


C. AVIAN SPECIES 

WENDELL II. GRIFFITH and JOSEPH F. NYC 

The primary effects of a deficiency of choline in chicks are interference 
with growth and the appearance of perosis or ^‘slipped tendon disease.” 
This chara(‘teristic, abnormality is influenced by multiple factors but, if 
caused by a lack of choline, is prevented readily by supplements of choline 
or of compounds with specific choline activity. There is gross enlargement 
of the tibial-metatarsal joint, twisting or bending of the distal portion of 
the tibia and of the proximal end of the metatarsus, and slipping of the 
gastrocnemius tendon from its condyles. If this occurs in severe form, the 
chick is incapacitated. Until 1940 a lack of manganese was considered the 
principal cause of perosis.®®^ In this year Jukes demonstrated that in cer- 
tain diets, adeijuate in manganese, choline was an effective antiperotic and 
growth-stimulating agent.®®^ This unexpected finding was soon confirmed 
in a number of laboratories.®**®"®*^® 

An understanding of the relation of choline to the prevention of perosis 
is complicated by the fact that the abnormality is aggravated by creatine,®**® 

N. E. Borglin, Ado Pharmacol. Toxicol. 8 Suppl. 1 (1947). 

300 w. D. Langley, J. Biol. Chem. 84, 561 (1929). 

H. S. Wilgus, L. C. Norris, and G. F. Heuser, J. Nutrition 14, 156 (1937). 

T. H. Jukes, J. Nutniion 20, 445 (1940). 

A. G. Hogan, L. R. Richardson, H. Patrick, and H. L, Kempster, J. Nutrition 21, 

327 (1941). 

D. M. Hegated, R. C. Mills, C. A. Elvehjem, and E. B, Hart, J. Biol, Chem. 138, 

459 (1941). 

P, 11. Record and R. M. Bethke, Poultry Sci. 21, 271 (1942). 

***• T. H. Jukes, Proc, Soc, Exptl. Biol. Med, 46 , 155 (1941). 



CHOLINE 


94 


by glycine,®®^* and by gelatin.^^s. aor, 309 Briggs showed that 10% gelatin 
in chick diets increased the need of niacin and might cause niacin defi- 
ciency.®^® This effect was counteracted by either niacin or tryptophan, Per- 
osis caused by egg white injury®^^ was prevented by biotin.®^^ 
choline is concerned, its antiperotic effect does not necessarily depend on 
the same deficiency state in which its growth-stimulating action is evident. 
In choline-deficient chicks neither methionine®®®* ®®‘^ nor betaine®®®* *®^ was 
antiperotic unless the diet contained mono- or dimethylaminoethanol. This 
is due to the fact that the chick is practically unable to corivert 
aminoethanol into monomethjdaminoethanol.®^®* ®^^ On the other hani ar- 
senocholine is strongly antiperotic and growth-promoting,®®®*®^® iven 
though it does not cause the methylation of homocysteine.®^® This anilog 
of choline is known to be incorporated into the lecithin molecule, ®^^ l|ind 
it is a fair assumption that this occurs in the chick also. From the data\ in 
Tables III to VI it is evident that antiperosis in (tholine-deficient chicks is 
a function of (;holine, possibly in phospholipid form, and not a general func- 
tion of sources of labile methyl. In this connection it should be noted that 
4 and 9%, respectively, of the tagged methyl of C^^-methyl-labeled methio- 
nine were found in tissue choline isolated from 2 chicks 48 hours after the 
feeding of amino acid.®^® This is not conclusive e\idence of transmethyla- 
tion, even at a relatively slow rate, because the labeled choline may have 
resulted from the methylation of dietary dimethylaminoethanol through 
C'^-formate resulting from the partial oxidation of the lal)elcd methionine 
methyl. 

For normal growth chick rations must contain 1.1 % of methionine, one- 
half of which may be replaced by i;ystine.®^® Homocystine can be substituted 
for cystine and for methionine also if the supply of methyl donors is ade- 
quate. Choline and betaine are suitable donors. 

The requirement of chicks for choline has been reported as 150 and 100 
mg. %, respectively, for a diet of natural foodstuffs®®® and for a purified 
diet.®®^ The allowance recommended by the Committee on Animal Nutri- 
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tion of the National Research Council is 130 mg. For diets containing 
homocystine in place of methionine, 60 mg. % of betaine-irreplaceable and 
140 mg. % of betaine-replaceable choline are required, according to Alm- 
quist.*^^ Minimum levels of methionine and of irreplaceable choline were 
reported as 500 and 100 mg. %, respectively, by McKittrick,*^® West et ah 
found 100 mg. % of choline adequate if ample methionine was provided.*^® 
The growth-depressing action of excess methionine in chick diets was 
counteracted by guaiiidoacetic acid and by serine but not by decreasing 
dietary cystine. Excess homocystine did not depress growth unless choline 
was also present. McKittrick also noted that betaine was a satisfactory 
replacement of part hut not of all the choline requirement. 

Although the significance of betaine-replaceable choline in the chick is 
not readily apparent in view of the reported failure of betaine to show anti- 
perotic activity, the distinction between the two parts of the choline re- 
quirement has emphasized the role of B 12 in this phase of avian metabolism. 
Patton et aL noted a beneficial growth effect of fish meal in chick diets com- 
posed mainly of (^orn and soybean oil meal.®®^ Choline, betaine, and methio- 
nine were also reported to have an interchangeable supplementary effect 
in the improvement of the corn-soybean ration.®^® • Gillis and Norris found 
liver paste superior to supplements of choline or betaine and later obtained 
similar results with Bu in place of liver paste.*®’’^ Schaefer aL reported that 
both foli(j acid and B 12 decreased the choline requirement for growth.^*^- 
Jukes and Stokstad demonstrated that Bio spared the choline requirement 
for growth but not for prevention of perosis.®®® The response to homocystine 
in the presence of B 12 was augmented by the addition of either choline or 
betaine. However, a supplement of methionine has been reported to decrease 
the Bi 2 requirement of chicks on a diet lacking animal protein.®®® Methyla- 
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tion of mono-and dimethylaminoethanol in chicks fed betaine did not occur 
unless Bi 2 was present.®^® 

Contrary to the results of others, McGinnis et al. found methionine and 
betaine eifective antiperotic agents in certain diets, but this result was not 
obtained if more highly purified diets were employed.®®® In later experi- 
ments, Gillis and Norris observed the same stimulation of growth by betaine 
and by choline if the B12 stores were normal but inferior gro^vth with choline 
if the Bi 2 stores were low.®®^ The absence of an effect of B12 on the utilization 
of betaine was also demonstrated by the equal stimulation of growth of 
Bi2-deficient chicks by methionine and by homocystine plus betaine.*®^ 

Thus, the interrelationships of choline, betaine, and B12 in the chicli are 
not clear. Gillis and Norris do not believe that B12 is concerned withlthe 
conversion of choline to betaine by choline oxidase because no evidence Was 
found of a decreased content of this enzyme in the livers of Bi2"defici^nt 
chicks.®®^ They concluded that at least one mechanism by which the chick 
uses choline is impaired by a deficiency of B12 whereas betaine remains effec- 
tive under the same conditions. 

The depression of choline oxidase in the bone marrow^®® and liver®®® of 
chicks deficient in folic acid and the reduction of this enzyme in the bone 
marrow of hens exposed to x-irradiation®®^ have been mentioned previously. 
Choline oxidase in the livers of chick embryos was decreased by folic; acid 
fed to the mother hen whereas much less reduction occurred if folic acid 
was injected directly into the egg during or prior to incubation.®®® Con- 
flicting evidence has been presented regarding the need of dietary (»holine 
by pullets and older hens. Abbott and DeMasters reported increased egg 
production with dietary choline,®®® but no significant differences in this 
respect or in hatchability, fertility, or body weight were noted by Lucas 
et aU^ Hatchability was not improved in the study of Bethke ei ai.®*® 
Ringrose and Davis likewise found no change in egg production with added 
choline. It was noted in the latter experiments that twice as much choline 
was present in the egg yolks as was present in the diet.®®® Total blood choles- 
terol and cholesterol ester and the levels of these components of aorta, heart 
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muscle, and liver have been reported by Herrmann to be reduced by sup- 
plements of 0.5 g. of (iholine chloride daily in the diet of old laying hens.*^ 

Ducklings require (?holine for growth and for prevention of perosis**^* 
and of fatty infiltration of the liver Betaine was not found to be anti- 
perotic or growth-Kstimulating, nor was methionine lipotropic in this 

species.®^^ 

Young turkeys require choline, and the effects of a deficiency are similar 
to those in the chick. Perosis is produced more easily, severe symptoms ap- 
pearing without the presence in the diet of aggravating materials such as 
creatine, gelatin, or glycine. The antiperotic requirement of (choline in poults 
is greater than the requirement for growth Methionine has no ac- 

tivity, although it is indispensable in the ration of the turkey.®^® As in the 
(thick, arsenocholine is antiperotic, but betaine®®'-* and creatine®^® have been 
reported ineffective. Scott®^^ and Mcdinnis,®^® however, have observed that 
betaine has a considerable degree of antiperosis if some choline is present 
in the diet. Scott also found that creatine and sarcosine are as active as 
betaine. This is an interesting finding in view of the demoiLstration that 
choline was never (tompletely effective as an antiperotic agent in diets lack- 
ing animal protein unless cither b.etaine or relatively high levels of glycine 
and Bi 2 wer<^ provided. Ac^cording to Kratzer the effectiveness of choline 
for growth was imueused by B12 but its antiperotic activity was decreased, 
and the possibility was suggested that more choline was used in growth and 
less in antiperosis in the presence of 612.®®*^ Betaine caused only a small 
increase in growth and did not prevent perosis on a low choline diet. Biotin 
and an unidentified organic substance®®^ and niacin®®® are believed to be 
the contributing factors which with choline prevent perosis in the poult. 
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Choline is important in canine nutrition although it may be partly dis- 
pensable in (certain diets containing adequate levels of factors such as B12, 
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as appears to be the case in the rat. Fonts produced a severe deficiency in 
dogs which was characterized by loss of weight, anemia, dermal and peptic 
ulcers, fatty cirrhotic livers, and death, and which responded to the com- 
bined administration of choline and liver extract.*®^ It was also apparent 
that choline is one of the nutrients essential for growth and for hemoglobin 
production in young dogs.*®^* Hough et al, observed a decrease in hepatic 
dye clearance and an elevation of serum phosphatase in puppies and in 
adult dogs on choline-deficient diets.**® Both manifestations of impaired 
liver function were prevented or reversed by choline. McKibbin et all de- 
veloped a ration which produced fatal choline deficiency in 3 weeks or less 
in puppies.*”* *** In addition to decreased bromosulfalein elimination Wd 
increased plasma phosphatase, a fall in plasma cholesterol and in its eater, 
and increase in prothrombin time, and decreases in hemoglobin, hemato- 
crit, and plasma proteins were noted. Total lipids in the liver increaiied 
markedly. In an extensive analysis of the tissues of normal and choline- 
deficient puppies,**® little or no change was found in the lipids of the cere- 
brum, spleen, pancreas, kidney, heart, and lungs, but a marked shift in 
the pattern of the liver and plasma lipids was evident. In the liver this was 
characterized by a decrease in choline and by an increase in sphingosine and 
in other undetermined nitrogenous components of lipids, although the total 
phospholipids were unchanged. In the plasma there was a marked decrease 
in total phospholipids. The data suggested that sphingomyelins were re- 
placing lecithins, but the percentage of choline phospholipids in the plasma 
remained the same. Schaefer et al. were able to produce chronic choline de- 
ficiency in dogs which was characterized by cirrhotic livers, edema, and 
duodenal ulcers.®*® The protective level of choline was halved by adminis- 
tration of Bi 2. Burns and McKibbin also observed this effect of B12 and 
noted that liver impairment in some puppies was prevented completely 
by Bi 2 alone.**^ 

Chaikoff and coworkers have studied the mechanisms by which ciholine 
exerts its lipotropic activity in dogs by means of determinations of the 
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turnover rate of phosphorus-eontaining compounds after the administration 
of Single feedings of choline increased the activity of the (‘holine-contain- 
ing phospholipids.'***’- Measurements on samples of blood and on liver biopsy 
specimens after the adminivstrat.ion of choline and of led to the conclusion 
that the removal of liver fat under the influeru^e of choline does not involve 
increasc'd transport of fat from liv'^er to peripheral tissues via plasma phos- 
pholipids.^®^ No increase in the calculated turnover rates of plasma lecithin 
or sphingomyelin was found, contrary to a previous conclusion on this 
point.*^®^ However, d(^terminations of rates of disappearance of these two 
phospholipids from plasma showed that the turnover rate of lecithin was 
live times as great as that of sphingomyelin.^®* It was suggested that choline 
acts on the utilization of fat within the liver itself and that glycerylphos- 
phoric acid is a precursor of lecithin.'^®-* The greater activity of liver lecithin 
phosphorus than that of <‘ephalin rules out. the possibility of synthesis of 
lecithin by the methylation of <*ephalin. 

Jii\'er lipids were unchanged after hypophyse(‘tomy evim though the dogs 
were observed as long as 82 months.^®® Thyroidec'tomy, howeveu*, resulted 
in fatty livers. The incrc'ase in lipids was more rapid and of greater magni- 
tude in forc(‘-fed dogs if both thyroid and hypophysis were removed. The 
h(‘patic changes wen^ [irevented for the most part by choline, b\n this sub- 
stance (lid not pix'vent an increase in blood lipids. 

Davis has rc^ported a deprt^ssion of cobalt-indiurd poly(‘ythemia in dogs 
by choline^®® and has extended his fhidings to the involvc^ment of choline in 
an exp('rimental anemia and in pathologic^al changes in the nervous syst.(^m 
relat(*d to changes observed in pernicious anemia.'*®"’ '*®'* This effect of cho- 
line, as(‘ribed by Davis to a vasodilator action on bone marrow arterioles 
with a resulting decix'.ase in hematopoiesis,'*®® has not been confirmed.**"® 
CholiiK* was ineffective in reducing arteriosclerotic lesions in dogs fed a 
diet containing added choU^sterol and thiouracil.*’*'* A limited beneficial ac- 
tion of choline was o))S(U’V('d iji dogs with fat emboli produced by bone mai - 
row curettage.'"*"- The latter study was prompted by the finding that, the 
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fat couteiit of human hoiu^ marrow Avas docroascd markedly following!; the 
intravenous administration of eholiue.'^^* 

Interest in eholino as an anti-fatty liver factor orif>inated with the fii’st 
experiments desij»:ned to test Avheth(^r the administration of insulin Avas 
sufficient to replaces the internal se(*retion of the pancreas in d(^pan(n‘eatized 
doj^s.^^'*' The manner in Avhu^h these studies h'd to the recoj^nition of the 
lipotropic activity of choline has been descrilx'd in Section IV, p. 10. In lOHb 
Dragsledl and coworkers publish<‘d the first of a scric's of papers on lipocaic, 
a factor belieATd to be a true hormonal product of the panen^as and, in- 
volved in lipid metabolism in the liver.-*- • •‘*’**'‘*^** Fatty infiltration and de- 
generation, the hepatic changes in depancreatized dogs, were not obser\\ed 
in animals after ligation of the pancreatic* ducts or after preparation of to^al 
pancreatic fistiilae. Pancreatic juice Avas ineffective, if adniinisterc'd orally. 
Choline Avas not belie\'ed to be the main protective agent bc'causc* tlu' p^- 
ten(‘y of raw ])ancreas aahs considered much greater than its (*onlent ol 
choline. For these reasons Dragstedt concluded that the (‘Xternal digestive 
secretion of the paiuTeas was not an important factor. This latter finding 
has not been confirmed. Kalli vi al. were unable to find any difference la‘- 
tween the fatty changes in the liA'ers of dogs aft(*r paiicnaitc^ctorny and 
after ligation of the ducts, and Pest and Uidoiit could find no satisfactory 
eAndence for lipocaic as a s(‘cond pancreatic homione.-’*'* This problem was 
reiiiATstigated l)y Chaikoff and <‘owork(*rs, who arrived at the following 
(‘onclusions: (a) a fraction can l)e prepared from the pancreas which is more 
protective than can be accounted for on the basis of its content of choIiiK^ 
although sufficient choline is as effecti\’cas the pancreatic frac't ion ;•*''* (b) 
ligation of the ducts do(3s result in a fatty liA^r, and the liv(M* chang(*s art‘ 
preveiit(*d by the oral administration of pancn*atic juic(‘;'*'^- (c) th(^ fatty 
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clianges that oc(*,ur in the livers of paiuTcatectomized or of duct-ligal;ed 
dogs can be prevented by the feeding of pancireas, pancreatic extracts, 
methionine, choline, or merely by substituting hydrolyzed (casein for the 
(casein of the basal diet;***^ and, (d) trypsin is a possible factor that ensures 
the lilx^ration of methionine from dietary protein.^*'^ In view of this solution 
of tlui problem it is of interest that llalli and Rubin had noted earlier that 
pancreate.c.tf)mize.d dogs fed extracted meat powder did not develop fatty 
livers whereas those fed the untreated raw meat did so, a difference V)elieved 
due to the greater digestibility of the meat jiowder.^^*'^ Ilaanes and Gydrgy 
have extended the r(\siilts of ChaikolT by showing that a highly lii)otropic 
pan(*reati(! fracition without, proteolytic activity acitually contained trypsin 
and trypsin inhibitor and that, the inhibitor was overcome by enterokinase 
in duodenal juice.'^"'® Even though these data represent substantial support 
for the enzymatic nature of lipocaic, it is possible that other lipotropic sub- 
stances may occur in j)ancreas. Schilling et al. have reported the presence 
in prei)arations of lipocaic of a non-caizymatic, heat-stable lipotropic ma- 
terial. 


E. (rrilER SPECIES 

WbNDIOLL II. (ilMFFlTlI uiid JOSEPH V. NYC 

An incr(‘as(‘ in liven* fat and an alnioimality of gait without retardation 
of growth wenx' n'portenl in swine after the feeding of a low choline ration.'^'^*-^ 
(Mioline has beeni found necessary, in addition to pantothenie* acid and py- 
ridoxiiK*, for pi-ot(‘ction of pigs from locomotor incoordination I'esulting 
from lunve d(*gen(‘ration.-'^'* Poor reproduction, lactation, and survival of 
young r(‘siilt(*d from feenling sows a choliiu'-deficient ration.'*'” Baby pigs 
fed a synthetic diet low in (*holine but containing 0.8 % methionine showed 
gi’oss symptoms of unthriftiness, were short-legged and pot-bellied, lacked 
coordination of movements ami the normal rigidity of joints, and exhibited 
fatty infiltration of the liver, characteristic renal glomerular occlusion, and 
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some tubular epithelial iiecrosis.®^-- No f?ro\vth effect was noted if the 
food intake was eciualized. Doubling of the methionine content of the arti- 
ficial milk was effecti\'^e in the prevention of these s3uni)toms,‘^‘''‘ and it is 
evident that the pig do(\s not lack the ability to methylate aminoethanol 
if labile methyl is available in diets otherwise adeciuate. 

The need of choline by newborn calves fed a choline-deficient., artificial 
milk was demonstrated b\" Johnsoii et After 7 days an acute syndrome 
developed whi(‘h was characterized by marked weaknc'ss, lalumnl or rapid 
breathing, and anorexia, (^ertain of tlie (calves show(;d eviden(*es of icjnal 
h('morrhage and fatty liver. These effects were prcnented by choline, lal- 
though subse(iuent removal of the choline supplement, was not injurious. 
Earlier studies by Waugh vt had emphasized tin* importance to tp(‘ 
calf of the relatively high concentration of choline in colostrum and the 
relation of this fact to the level of choline in the blood of th(' (*alf. A decreai* 
in l)lood choline was noted in (*alves, o weeks of age, following th(* remo\'al 
of milk from tlu' diet, although re^storation of th(‘. choline level was not ob- 
tained by dietarv supplements of choline. 

Evidence of (‘holine deficiency in ?-a})bits is hu'king, but (‘xperiments on 
the young have not ^Tt l)een reported. !i3"percholest(M*emia andaortic ath(M’- 
osclerosis were not prevented l\v choline in th(‘ study by First i)rook,'‘‘’’ but 
others have (*oncluded that (‘holine does have a beneficial (‘ff(M*t in the pn^- 
vention or removal of this induced al)normality in rabbit Sprunt 
(•(included that subcutaneously administered (holine inhibit'd the suscep- 
tibility of the rabbit to infection with vac’clnia,"*^'* and a transitory d(M*i(‘ase 
in red (^ells has been observc'd following th(‘ administration of choline in 
rabbits render(»d polycythemic*, hy (*obalt. Transmethylation occurs in 
this species as e\idenced hy the isolation of label(*d choline, creatine, 
anserine, and creatinine, after the feeding of d('uteriom(‘tliionin(‘.“''^ 

A deficiency of choline or of methyl has not bc'en demonstrated in the 

B. C. Johnson iind M. F. James, J . Xulrition 36 , ‘.W (1948). 

A. L. Neumann, J. L. Kridcr, M. F. Jaimss, and B. (\ Johnson, J. \utriii(w. 38 , 
195 (1049). 

R. O. Ncsheim iind B. C. Johnson, J . Nutrition 41 , 140 ( 1950). 

395 B. C. Johnson, II. H. Mi 1 ch( 3 ll, J. A. Pinkos, and C. C:Morr\]\, J . Nutrition 43, 
37 (1051). 

398 R. K. Waugh, S. M. Hauge, and W. A. King, J . Dairy Sri. 30, 457, 041 (B)47). 

397 J. B. Firsthrook, Proc, Sot\ Expil. Ihol. Med. 74 , 741 (1050). 

398 L. M. Morrison and A. Rossi, Proc. Soc. Exptl. Biot. Med, 69 , 2S3 (1048). 

399 A. Stcnner, Arch. Pathol. 45 , 327 (1048). 
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Biol. Chem. 149 , 355 (1943). 
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fijuiiK’iji pif*;, and this is corrclaled with the observation that the turnover of 
choline is rcilatively slow, owinji; presumably to the absence of choline oxi- 
dase in the liver of this spe(*ies/<*^ Handler found no ac(aunulation of fat in 
the livers of guinea pigs fed seven different diets that did cause fatty livers 
in rats, evTui though giianidoacetic a(ad was addend to the guinea pig diets;^**^ 
Dubnoff and Borsook have reportc^d the ])resence of an cmzyme in the liver 
and kidney of this animal, as well as in thc\se organs of the i-at and hog, 
that transf(»rs methyl from thetin to homo(\vst(Mne;“^'‘' The metabolism of 
choline in the guiiuia pig may differ only (juantitativTly from that in the 
rat inasmuch as Dubnotf has noted some m(*thyl lability in guinea pigs 
following the administration of (-‘^-methyl-labekd choline/'’^ 

The mouse appears more n^sistant to choline deficiency than the rat, and 
it has keen used relatively little in studies of transmethylation. The pro- 
duction of fatty liv(‘rs was noted in Bc'st’s laboratory,^' but the develop- 
ment of renal lesions in weanling mice has been found to ociair only if a 
choline-deficient diet is eat(Mi prior to weaning."’'^ The prcvsence or absence* 
of choline did not ahect the rate of disappearance of deuterium from either 
liver or depot fatty acids.'"" 

Some e\'idence has l.een presented that, choline decreases the acute liver 
destruction that occurs in rh(‘sus monkeys inoculated with yellow feven* 
virus."" Choliiu* was r(‘(iuired for normal lactation in the hamster.’*" 'J'rout 
fed a choline-d(‘licient diet showed r(*nal degeneration and intestinal hemor- 
rhage*."- The omission of choline from an otherwise adeejuate synthetic 
diet, reailted in complete growth failure and death in the cockroach, BlalvlUi 
(fcrmanira L."'*' *'* Betaine was practically as effective as choline in the pre- 
V(‘rPion of the deficiency. Choline is stated to be essential for the develop- 
ment of larvae* of Ardcs 

' ’ F. H('riilicini mul M. (\ L. Hcriihoim, -Im. ./. 104, t3S (19.33); 121, 55 
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P. HaiMlh'r, ]'mr. Snc. Exptl. JiioL Med. 70, 70 (1949). 

"’M. W. I)u])!ion' and 11. liorsook, ./. Biol. Vhem. 176, 7S9 (194S). 
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(1942). 



lOfi 




t)r its prccursoi-s won; added to the di(;t to eompeiisate for the additional 
calories supplied by this amount of sucrose. These experiments indicate 
that (he ratio of lipotropic factors to the total caloric intake must he above 
a certain critical level to protect th(' livei- from haimful decrees of fat stor- 
age and its almost inevitable .successor, fibrosis, ff the caloric intake be 
rai.st5d by any means without a simultaneous increase! in the lipotropos, the 
resulting disturbance of li\'(>r function may eventually produce as grie^mus 



Kkj. 6. (iross appcaruncc of the liver of rat which had been inainlaiiied on a 
choline^tloficiont diot for }if)|)roxiiiuitoly one ycjir. 

a result as the operation of an engine without adecpiate luln’i(*ation. Such 
an im})alan(*e has been produced in animals by choline-deficient caloric in- 
crements supplied not only as carbohydrate and alcohol but also as fat or 
methionine-poor protein. Persistent addicd.ion to excessive amounts of 
ahtohol in man constitutes a fairly close clinical duplication of these experi- 
mental conditions, and it is a reasonable working hypothesis that cirrliosis 
of this type is due to choline deficiency.**-* It is possible also that th(» fatty 

It must be recognized, of course, (hat the alcoholic patient is probably suHcring 
from multiple dietary deficiencies, involving not only the vitamins but also min- 
erals and particularly proteins. 
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and fil)r()tic. livers freciueiitly associated with ohesity^-^’ should he included 
in this cat.ef»:ory. ('ases of j»toss obesity induced by chronic overindulfj;ence 
in candy, desserts, and starchy foods are possibly du(? to a lowered 
choline/c^alorie ratio, but dietary histories are too inadecpjate to warrant 
more than a sugj^estion at present. Investigators are hampered by th(' fact 
that the glutton, like the drunkard, is fretjuently untruthful about hishabit- 
ual overindulgence. 

The hypothesis that alcoholic cirrliosis in man is tJie (clinical count, erpart 



Kkj. 7. dross aj)i)Ciir:inco of (he liver of n mnn jiscd lit) years who had been ad- 
dicted to alcohol for s<*veral years before his death. If one allows for the differ- 
ence in size of this liver and that illustrated in Fip. 6, the characteristics of the cir- 
rhotic lesions ar(; remarkably similar. 

of (drrhosis in (‘holine-deficient animals might be less tenalde if the histo- 
pathology of the two conditions were not esstuitially identical. The gross 
appearan(H\s of tlu* livers are certainly remarkably similar (Figs. (> and 7), 
but, although this is accepted by all investigators, there is lack of agreement 
concerning the similarity of the microscopic characteristics. It has been 
stated^-® that “This peculiar experimental hepatic (drrhosis of rats has no 
(‘ountcrpai‘t in the usually described varieties of hepatic cirrliosis in man,” 

S. Sherlock, A. G. Bearn, and B. Billing, Traris. 10th ConJ. Liver Injury ^ New York 

pp. 205^-262 (1951). 

II. D. Lillie, Iv. L. Ashburn, W. H. Sebrcll, F. S. Daft, and J. V. Lowry, Publ. 

Health Repta. (U.S,) 67, 502-608 (1942). 
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and so leave the liver. (Vll remnants of disnipted (lysts may survive for 
some time, as their juiclei are not often damaged. Condensation of these 
atrophic parenchymal cells (along with their reticular stroma) pioduces 
the so-ealJed “fibrous” trabeculae of the cirrhot ic lesion (Fig. 9). The con- 
densation is responsible for the annular surface depressions, while paren- 
chymal hyperplasia (compensatory in nature) in the portal regions produces 
the nodular, raised areas. 



Fig. 9. Tlio cells in the wall of this fatty cyst are thinned and stretched. The sur- 
rounding stroma is coiidensed, and the cyst is (mnioslied in a trabecula. A portion of 
a radicle of an hepatic vein is shown in the ujiper left corner. Liver of a rat fed a 
choline-deficient diet for 6 months; paraffin section: hematoxylin and eosin stain; 
X800. ' ^ 

The fact that the natural Hequcn(*e of events is the formation, rupture, 
and dissolution of fatty eysts"^^^ Avith conseciuent escape of their (contents 
from the liver explains why the amount of fat in the liver decreases as the 
fibrosis increases. For, with the rupture of each additional cyst, more fat 
escapes from the liver and condensation of the cellular and stromal elements 
of the tom cyst adds to the growth of trabeculae. The loss of parenchyma 
incident to the eventual destruction of each cyst (a large one may con- 
sist of as many as 60 cells) stimulates compensatory hyperplasia in portal 
areas. This region commonly exhibits only a moderate degree of fat storage 
which is almost entirely intracellular in nature. Intracellular fat is very 
rapidly mobilized when the deficiency in lipotropic factors is corrected. This 
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may l)e effected in a variety of ways, as, for example, decreased growth of 
the animal (thus sparing more methionine for lipotropic use), reduced food 
intake, or th(j addition of choline to the diet. 'I'he result is a cirrhotic liver 
wilhout obvious fatty change (Fig. 10). This sequence has been observed 
repeatedly in experimental animals. The clinical counterpart of this pre- 
sumably occurs when a cirrhotic alcoholic in hospital is denied access to 
his ah^ohol and is giv^en a well-balaiuted diet (with or without therapeutic 



Ki(i. 10. Almost all the atjAiiiuble fat in this cirrhotic liver of a eholine-dclieient 
rat has disappeared. That which remains is chiefly contained within persislent fatty 
cysts. This demonstrates the small amount of ahnoriiifil fat which may be present in 
a liver in which fibrosis has becenne s€*vere. Liver of a rat fed a choline-deficient diet 
for over a vear. Paraffin section; hematoxylin and eosiii stain; XKK). 

adjuvants of (holine or methionine). Jf, in addition, the patient *s (;aloric 
intake drops sharply owing to terminal complications su(*h as ascites or 
ruptured esophageal varit^es, his death may be preceded by a significant 
loss in weight (whicdi may be masked by ascites or edema). This should mo- 
bilize all intracellular fat from his liver and even much of the extracellular 
lipid. Experiments with rats have demonstrated^^^- that most of the 
extra(*ellular fat in cysts will be resorbed eventually if the deficiency of 
lipotropes is relieved. The only evidences of previous fatty change that can 
then be found in liver sections are occasional remnants of cysts within the 

W. S. Hartroft and 10. A. Sellers, Am. J. Pathol. 28, 387-399 (1952). 

C. H. Best, W. S. Hartroft, and K. A, Sellers, Gastroenterology 20, 375-384 (1952). 



Fk' 11 Many of tho faflv ovsts illustralp.l in tliia lipl<l ate uikIitkoiiik involu- 
lionarv since tl-cv arc loaing their containe.l lipi.l. The surroun.in.K stroma 

iscoridensed around the at roi)hic cysts, (lllack material is ceroid “ 

rat fed a choline-deficient diet for 0 months. I’araffin section; /lehl-Neilsoii stain. 

X«K). 



Fig. 12, Atrophic cysts in an area of reticular corulensut ion in th<^ liver of a human 
alcoholic (male). A feiw of flic cells in the walls of the cysts (center left ) retain suffi- 
cient characteristics so that they can still he identified as parenchymal. Compare 
with Fig. 11. Paraffin section; hemato.xylin and eosin stain. X4(X). 
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trabecuilae (Fig. 11), and for these the pathologist may have to search as- 
siduously. If su(*h a sean^h is su(*,cessful, the (?linical f)athol()gist is well 
rewarded in eases of cirrhosis in which the pathogenesis may }:e shrouded 
in obscurity for fatty cysts at any stage imply, by their very exisUTi(*e, 
that at one time liver cells had been distendcnl to the bursting point by fat 
and this finding may provide an important clue to the etiology (Fig. 12). 

The foregoing should serve to establish that the presence? of large amounts 
of stainable fat in cirrhotic livers is not. a criterion for determining wheth(?r 
or not the lesions were initiated by an excess accumulation of fat. Although 
stainable fat is usually demonstrated with ease in experimental cirrhosis 
of dietary origin, s\ich animals are most fre(iuently sacriti(*ed before they 
become morilnind and while their food intake is still within normal limits. 
Conse(iuently the iiu'cstigator commonly observes this type of cirrhosis at 
th(? hc'ight of active progression of lesions when fat is abundant. This is in 
sharp contrast to the clinical situation. Patients have usually been treated 
by withdrawal of their al(*ohol, and terminal complications may have pro- 
(IucchI significant, degrees of weight loss, both of whi(‘h are potent factors 
in clearing hepatic* cells of stainable fat. Th(‘se considerations may well 
explain tlu' fieciucMit. al)sence of stainable fat in livers of alcoholics at death. 

2. (hiUOlD 

In the trabeculae of cirrhotic, choline-deficient rats, abundant amounts 
of an orange-brown pigment may be demonstrated. This material, which 
was named ceroid by Lillie vt is sudanophilic, acid-fast, and insohible 
in alcohol, xylol, and other common fat solvents. It is most easily and cer- 
tainly identified by staining paraffin sections (from which all soluble lipids 
hav(‘ Ihh'u rennoved by the dehydrating agents) with any of the dyes which 
demonstrate fat (Sudan, ( )il lied (), etc.). Ceroid in cUvses of cirrhosis in man 
is absent or scanty at most, only small amounts can be demonstrated 
in alcoholic's. 

Deposition of c*eroid in cirrhotic rats c*an l:e greatly reduced by either 
supplementing their diet with large amounts of a-toc*opherol, or replac'ing 
unsaturated fats in the diet with hydrogenated vegetable oils such as Crisc'o 
or Primex.^'**^' iss-wo Koth in viiro and in vivo experiments'*^^ have now demon- 
strated the possibility that c*eroid is the produc't of the oxidation of unsatu- 
rat(?d fatty ac*ids into an insoluble polymer, which, however, retains the 
c'haracteristic* erf siidanophilia. Tocopherol may act to inhibit this reac*tion 
by virtue of its role as an antioxidant. Small hemorrhages frecpiently occur 

W. S. Iljirtroft, Fafi'ration Proc. 11, 417 (11)52). 
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in ruptured fatty cysts/^® with the result that red cells are bathed in liver 
fat. Much of th(^ ceroid that is found in experimental cirrhosis could be 
explained as the polymerization of unsaturated fats which (joat the surface 
of erythrocytes in hemorrhagic fatty cysts. This explanation is supported 
not only by direct observation of transition forms between red cells and 
ceroid aggregat es in sections and by the experiments cited above, but also 
by the fact that, in livers that contain ceroid, hemosiderin is scranty or 
absent. Tn cirrhotic livers of rats fed a diet designed to repress ceroid 
formation, hemosiderin deposits were demonstrated.'*'*^ This finding sug- 
gests that, if red cells become coated Avith ceroid, their disintegration, with 
release of histochemically demonstrable iron, is prevented. \ 

Hemosiderin pigment can usually be demonstrated in cirrhotic livers df 
human al(‘oholics. The secpience of pathologic events responsible for this 
finding may be fundamentally similar to those which produce (‘croid id 
choline-deficient rats, since manipulation of the diet of the latter will 
diminish ceroid deposition in the animals’ livers and favor hemosiderin 
release.'**- The chain of evidence will not be complete until ak'oholics hav(‘ 
been en(*ountered in which the converse has occairred i.e., prevcMition of 
hemosiderin formation by coating of red cells with ceroid. Although exam- 
ples of such prevention have not been reported to date, there an^ sufficient 
data at hand to suggest that it is unlikely that the pr(\sen(*e of (‘(*roid 
deposits in e.xperimental cirrhosis indicates any fundamental eliologic-al 
variant. 


3. PoKTAL VERSUS NoN-PoKTAL ClRRHOSlS 

The classical con(;ept of cirrhosis associated with alcoholism in man is 
that it is portal in distribution. Orginally this term was also applied to 
cirrhosis in choline-deficient rats.'**^ It was only after careful and detailed 
studies by the IT. S. Public Health group in Bethesda*'** that the locus of 
the initial sites of fonnation of the trabeculae in these animals was realized 
to be, in fact, non-portal. This finding has now been independently con- 
firraed.*^'*' It is in line with the lobular distribution of abnormal fat in 
choline deficiency, which is also initially and primarily non-portal.**® Thus 
portal alcoholic cirrhosis and non-portal experimental cirrhosis appear to 
differ fundamentally in their cytoarchitecture. 

The initial of)servers of dietary cirrhosis in rats l)ased their conclusion 
regarding its portal distril)ution on careful inspection of microsecftions of 

W. S. Hartroft, Trans. 9lh Conf. Liver Injvry, New York pp. 109-150 (1950). 
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liveriy in an advanced slap;e of the lesion. These are more comparable to 
those usually sc^en in human alcoholics at autopsy than are the earlier 
staj^es of experimental cirrhosis. It is evident that conclusions concerning 
the nature of the lesions in the two conditions should be based only on 
comparisons of material at similar stages in their development. Early cases 
of akioholic* cirrhosis in man are not encountered at autopsy frecpiently 



Fkj. is. Thick (1(K)^) clcnrcd slic<* of the liver of n nit iiijecttul with India ink at 
the time of sacrifice. In the center of the field is a lar{j;e amduvlimj (see text) branch 
of the portal vein, and to the ri^ht is a small branch of the hepatic artery. Note that 
the surrounding sinusoids do not communicate with this large vein. The white arrow 
in the lower left corner points to a small distnbufitKj (see text) branch of the portal 
vein which is br(*aking up into sinusoids. X250. 


enough lo permit careful comparison with lieginning fibrosis in choline-defi- 
cient rats. The fallacy of comparing early phases of cirrhosis in rats (non- 
portal) with lat(^ phases in alcoholics (portal) is demonstrated by the fact 
that late phases ('V(mi in the rats were des(*ribed as portal by expert patho- 
logists when material from this stage only was available. Though it is well 
established that the distribution of the initial lesions in rats is non-portal, 
this should not be taken as evidence that experimental cirrhosis differs 
fundamcuitally from that in man, until it is possible to conduct ecpially 
compkde and intensive studies of the early stages of cirrhosis in man. 

Sevinal (piestions arise from the foregoing. How does it happen that 
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initially non-portal trabcnuilae in cirrhotic- rats eventually assum(5 (charac- 
teristic's which are at least pseudoportal? Is it possible that the trabecular 
distribution of advanccnl cases of alcoholic cirrhosis is also only pseudo- 
portal? Is there in facet any essential difference in the histopathology of the 



Fic;. 14. Preparation (similar to that shown in Fi^j;. IJ^), of a rat whieh had n‘ 
ceived a siFi^lc' oral dose of carhon tcdraehloride 24 hours ladorc it was sac rifi (•(»(! , 
CVntral veins (radicles of the hepatic vein) can be easily identified in such a specimen 
as they are surround<*d by partially ischemic zones in which liver cells have swollen 
as a result of the toxin. A radicle of the hei)atic vein occupies the center of tlu* field. 
The branch of the portal vein below and to the ri^ht is a terminal distrihulinu vessel 
(scce text) and is breakiriK up into sinusoids. The surroundiiiK i)arenchyma h func- 
tionally periportal, whereas that illustratc'd around the conductiny branch of the 
portal vein in Fig. 13 is pc*riportal only in a gc^ographical sense. In livers of both 
choliue-deficnent rats ami alcoholic man, fibrosis develops around large branches of 
the portal vein such jis that in Fig. 13, but rarely and only in v(*ry advanced ca.s('s is 
fibrosis found around these terminal branches illustratetl he:re. X2o(). 

Olid stages of the two types of (*irrhosis? An attempt to answer th(\se cfues- 
tions will ho. made by survciying the general archit?(*ture of the hepatic 
vasculature and relating it to the pathological anatomy of experimental 
and alcoholic, cirrhosis. 

Large branches of the portal vein, like other large afferent vc^sseds of the 
body, raredy give off direct branches of sinusoidal or (capillary dimensions. 
Before supplying the hulk of the parenchyma, brancdies of this vessel, of 
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the order of veins, divdde into small terminals of the order of venules, and 
it is from the latter that blood enters the hepatic*, sinusoids (Figs. 13 and 
14). These terminal venules (‘‘distributors”) of the portal vein should he 
regarded as the most, signifie.ant landmarks for orientation of lesions in 
relation to the functional lobular units of the liver. TTnhappily, in micro- 






Kin. 15. (Mcarcii and injc'ctcd (liKiia ink) slice (1 (M)m) of liver of a rat fed a choline- 
deficient diet for a|)pro\imately one year. The white arrow (right center) points to 
a large branch of the portal vein. Fibrosis in non-j)ortal regions has destro3’^e(i the 
sinusoidal patterns except for small trees at the ends of the terminal venules of the 
portal vein. Note the* manner in which the trabeculae (clear areas in illustration) 
embrace the conditctinii portion of the portal vein as indicated by the position of the 
arrow. Fibrosis at this site is periportal in an anatomical sense only. In functionally 
periportal jiositions around the terminal portal venules, the sinusoidal pattern is 
ndativelv intact. Xl(K). 


sections, these veiiuhis, with their ac(*ompanyiug bile radicles and hepatic, 
arterioles, are small and insignifit^ant. Each venule supplies a parenchymal 
unit which is many times its diameter in section (about 10 /x and several 
hundred mi(*rons, rcspec'tively), and therefore thin random sections of the 
unit freciuently fail to iiudude its small aflerent vessels. Tn (contrast, the 
large, rvon-ierminal veins (“conductors”) of the portal system readily attract 
the attention of the morphologist by virtue of their large diameter and their 
lengthy course as they pass through many parenchymal units to which 
they are not directly related in a functional sense. The relation of the latter 
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to such liirge vessels is analogous to that of houses at th(' edge of a highway 
which must be approached cirymitoiisly by way of secondary sideroads and 
streets. 'J\) reach su(*h a house, the traveler would ha\'e t,o traverse as great 
a distan(*e after leaving the highway as if the building were' not Unrated 
near any main route at all. In the liver, parenchymal c(?lls beside large 
comlvcting portal veins (in contrast to cells around terminal, dislrihuting 



Fio. 16. Similar preparation to tluit shown in Fig. 15. A j)ortion of a largo rondurt- 
ing branch of the portal vein occupies the center of the field and is surrounded by 
hbrosis (clear area). Branches from this extend toward the small trees of intact sinu- 
soids in which iertninni branches of the portal vein lirdt with the sinusoids and an* 
free of encircling trabeculae (upi)er left cornerj. Although there is j)(‘ri portal fibrosis 
around the large jwrtal venous branches, the small distributing portal venules are 
not directly involved and from n functional standpoint tin* distribution of the tra- 
beculae is non-portal. 

venules) are no more periportal in a physiological st*nse than cells in other, 
more obvious, non-portal regions. Cells adjac(?nt to non-terminal portal 
canals are therefore periportal only in a limited regional sense. In terms oi 
blood supply, with reference to the entry of blood into a parenchymal unit, 
these portions of the parenchyma are non-portal, since to rea(*h them blood 
must first traverse sinusoids for some distanccL Lesions, such as fil)rosis 
around conducting portal triads, are therefore periportal in a geographic^al 
sense only. To be periportal from a fun(‘tional standpoint, the lesions should 
involve parenchymal (rells adjactent to the proximal end of the sinusoidal 
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plexus. However, (rc^lLs bordering jumjtions between sinusoids and terminal 
portal venules obviously have prior access to any essential food factors 
(including choline). A(*tually it is cells more remote from these favored sites 
that would first dev'elop evidence of deficien(*y when the amount of an 
essential substaiu^e rea(‘hing the liver is insufficient to supply all parts of 
the organ. Cells adjacent to large conducting (but not distributing) portal 



Fk;. 17. Tliis is paniffiii s(*r1ioii of the liver of a ml comparable to the prepara- 
tion illustrated in Figs. 15 and 10. The lower left portion of the field is occupied by a 
large bile duct, branches of the hepatic artery, and a small portion of a large branch 
of the portal vein. These structures are encircled by trabeculae, and to this extent 
the fibrosis is periportal. Hut the small terminal branches of the portal vessels are 
free* of fibrosis, and in this functional sense the distribution of the trabeculae is non- 
portal. Th(» white arrow indicates a small terminal j)ortal area which is enlarged in 
Fig. 18. Hematoxylin and eosin stain, X2(H). 


vessels are in a position which is no more favorable for obtaining metabo- 
lites that may b(» in short supply than cells in other non-portal regions 
(‘Cjually remote from tlie site at which blood enters the parenchymal unit. 

Both fatty and fibrotic lesions in choline-deficient rats make their initial 
appearance and reach tlieir most advanced stages in those portions of the 
hepatic lobule which ar(» farthest from the sites at which blood loaves 
terminal portal venules to enter the sinusoids of each paitmchymal unit. 
The most non-portal areas of the liver are those which surround the radicles 
of the hepatic, vein, and these pericentral regions are the first sites of both 
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fat storage and fibrosis. From here, trabeculae can extend only in directtions 
toward neighboring central veins or condmUing portal veins; otherwise they 
would encroach more directly on portal regions (Figs. 15 and lb). Thus, 
extension of trabeculae in ac^c.ordance with the non-portal principle eventu- 
ally results in filirolic repla(*ement in regions around large portal triads 
which are anatornicalln, but not fuiu^tionally, periportal, liy this pro(*ess, 
considerable areas along large portal veins become surrounded, often in 



Fig. is. The field iminediutely helow Ihe white jirrow in Fig. 17 is enlarged in 
this photomicrograph. A small Idle duet is shown in cross section, and ladow it, hut 
less clearly shown, is a small terminal portal venule containing one or two red 
cells. There is no fibrosis present, and with regard to those functionally j>eriporlal 
regions, ihe fibrosis is non-portal. X800. 

eccentric fashion (Fig. 10), V>y trabeculae of condensed hepatic; stroma. But 
even in relatively advanced stages of cirrhosis in rats, the terminal port.al 
venules at the points where they ramify into sinusoids remain almost (;om- 
pletely free of fibro.sis. This may not be readily appr(‘(;iated in thin micro- 
sections, for these venules are small and often missed by the plane of the 
section. Furthermore, if the parenchyma surrounding them be fatty, they 
are even more difficult to find under the lower powers of the microscope. 
If the observer is not aware of their importance as landmarks in oriefit.ing 
the lobular distribution of lesions, he may completely overlook th(\se small 
vessels. By contrast, he may be readily misled by the large conducting 
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portal vessels which are always easily found and are rendered even more 
eonspiciious when partially surrounded by bands of fibrosis (Figs. 17 and 
18). All these features have beiiu followed in the rat through the various 
stagevs of the devidopment of cirrhotic; lesions, and th(;y offer a r(?asonable 
(explanation for Hue apparent disagreement b(etwcen observers studying 
different stages of the same condition. When (;ases of human alcoholic 



Kkj. Paniffin section of the cirrhotic liver of iin alcoholic man. At the top of 
the a larse branch of line he|)atic art<*rv (indicated by the ujiper white arrow) 
is enmeshed by fibrous tissue. The portal area so identified is fibrotic and to this 
extent the distribution of the lesion is periportal. Hut, as in th(i rat, there is no 
fibrosis around terminal i)ortal vessels (indicated i)y the white arrow at the lower 
left). This n*gion is enlarged in Fig. 20. Hematoxylin and ('osin stain; X2(K). 

cirrhosis are reexamined with these considerations in mind, similar features 
are encountered. 

In studying sections of livers from cases of so-(;alled portal cirrhosis in 
alctjholic men, we have b(;en able to demonstrate repeatedly that fibrosis 
is raivly present around the terminal porttd venules, but of course is abun- 
dant around many portions of the large conducting veins (Figs. 19 and 20). 

In the latter sense only is this (urrhosis portal. But if this is ac(;eptcd as 
the definition of the term, then so must it be employed with reference to 
the choliiie-deficient lat. By this standard, the ciirhosis in choline-deficient 
rats is as much portal as that in human alcoholi(;s. Conversely the cirrhosis 
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of alcoholism is as much non-port, al as that of (*holine deficiency. It must 
therefore be conceded that the architectures of both lesions an' (essentially 
similar. The distinction of port.al from non-portal cirrhoti(^ lesions has been 
heightened by the anatomic^al nomenclature employcnl, but is apparently 
only one of degree. 

If the validity of these arguments is a(H*epted, evidcjncc based on dietary 
studies would strongly suggest that alcoholic (arrhosis in man is indeed due 



Fk;. 20. The field indicated by the white arrow in tlie lower left portion of Fi^:. 10 
is enlarged in this photomicrograph. A small Idle duet oc(*upi(*s the center of the 
field, and at the bottom a terminal portal venule is simmi in tangential section. There 
is no fibrosis present. As in the rat, with regard to th<‘se functionally pcndportal areas, 
the fibrosis is non-portal. XS(K). 

in largo part to the dietary deficiency of the lipotrtjpic- agents. Clinicians 
might he richly rewarded wen' they to accept this as a working hypothesis 
on which to base well-controlled studies desigiUHl to test its validity. The 
results may well necessitate m()difi(*.atioii of the views presented in this 
(ihapter, for it is ciuite possible that toxici substances, both organic and 
inorganic, in commercial spirits may play an important role in the ('fleets 
of ahiohol-contairiing drinks on man. 

There is no evidence at present that extrah(^patic lesions involving the 
kidney, the eye, or the cardiovascular system of choline-dcficnent animals 
have any clinical counterparts, despite some suggestions to t,he (‘ontrary. 
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There ar(» stroiip; anatomical and histological parallelisms between the vari- 
ous forms of renal damage that develop in rats on low choline diets, and 
lesions in some types of nephrotic conditions and in subacute and chronic 
stages of Hright’s disease. But an> assumption that choline deficiency may 
play a part in the production of these conditions or that their treatment 
with lipot-r()j)ic fac^lors might prodiKte favorable results is completely with- 
out. either experimental or clinical foundation. 


XI. Pharmacology 

W. STANLEY HAHTUOFT, (X)LIN C. LUCIAS, and CHARLES H. BEST 

C'holiiH' given [)arenterally causes a fall in blood pressure (due to dila- 
tation of peripheral v(»ssels and slowing of the heart); it increases peristalsis 
of stomach and intestines and in<*reases salivation. Some variability of 
response has been noted, (holine generally lowers the blood pressure,’ but 
somtdimes there is, inst^ead, a rise. It has been claimed that in cats a rise 
gejH^rally follows the fall.- I'he variable response does not depend upon 
impurities,*’ as uas suggested at one time. Choline acts powerfully upon 
the autonomic (involuntary, vegetative, or \fisceral) nervous system. Cho- 
line and most other (puiternary ammonium compounds possess in varying 
(legr(‘es three distinct types of pharmacological action: the so-called “mus- 
mr/a/c,” the '"tncotinc4iL'(\'^ and the ^'curariform'^ effects. 

.Muscarine, a powerful drug occairring in the poisonous mushroom Ama- 
nuiscaria, stimulates by direct action (not via the nerve endings) 
smooth muscles and glands innervated by postganglionic parasympathetic 
fibers. It causes cardiac slowing, peripheral vasodilation with consequent 
fall in blood pressure, increased peristalsis (with vomiting and defecation), 
bronchial constriction, salivation, sweating, and miosis. The similarity of 
the responses of the heart, smooth muscle, and glands to choline (or acetyl- 
choline) and muscarine led to the adoption of the term ‘‘muscarinic action” 
to d(sscrihe these effects. Nicotine has long been known to stimulate auto- 
nomic ganglia before paralyzing them, (^holine and acetylcholine produce 
similar efiVets. Furthermore, both choline and nicotine have a similar 
effect (stimulation, then inhibition) on skeletal muscle. For this reason the 
stimulat.ory action of choline (and other quaternary ammonium com- 
pounds) on ganglia and voluntary mus(?les has been called ''nicofine-like.^^ 

> F. W. Mott juul W, D. Halliburton, ./. Physiol. {London) 21 . xvii-xx (1897). 

J. Pal, Z. cxpll. Pathol. Thcrap. 9, 19L 206 (1911). 

R. R. RtMmhaw, F. P. Underhill, and L. H. Mendel, J . Pharmacol. Exptl. Therap. 

3, 457-^58 (1912). 
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(This expression is to he preferred to the older term “iiicjotinic-,” to avoid 
confusion with the effects of nicotinic acid, now a product of therapeutic 
importance.) ("urare, a powerful alkaloid derived from several South Amei*i- 
can species of Stnjchnos, acts as blocking agent on skeletal muscles and 
autonomic ganglia, caUvsing muscular weakness ending eventually in paral- 
ysis as the muscle becomes (completely fla(c(*id. Choline and other (piakcr- 
nary ammonium salts in higher (concentrations have a ^^curariform'' effe(ct.. 

Efforts to establish (dearly the distinc.tion between the muscarinic action 
(peripheral effe(cts on glands and smooth muscle cells) and the nicotine-likv 
action (on ganglion cells and skeletal muscles) evoked much study of the 
est(crs of choline and of related phosphonium, arsonium, stibonium, and 
sulfonium bases. 

Hunt and Tavcau^* ® n^ported upon the (*ir(*ulat.ory effects and rtdat ive 
toxicities of a large series of choline derivativ( 5 s. Substitution of the hydro- 
gen atom of the alcoholic OH group by a(*i(l radicals usually increases the 
physiological activity, from 500 to many thousand times, depending upon 
the substituent and the particular response observed.*** A(*(ctylcholine, for 
example, is about 100,000 times more active than (choline in causing a fall 
in I'lood pressure. Replacing the hydroxyl group by a carboxyl (betaine) 
leads to a product which is practically inert physiologically. Ac(ctyl-jS- 
methyl(*holine (me(*holyl) resembles a(?etylcholine except that it produces 
pra(*tically no nicotine-like action. CarbaminoylclnJine ((carba(*hol, doryl, 
lentine), on the other hand, has a greater ni(c()tine-like (^ft’e(ct than a(cetyl- 
choline.** 

In comparison with many of its esters and many other (luatornary am- 
monium compounds the toxicity of choline is relatively low. Givcm as 
chloride or citrate by mouth, choline has very low toxicity; it is consider- 
ably more toxic by subcutaneous, intraperitoneal, or intravenous inje(ction. 
The relatively low (acute) toxicity of choline (chloride may be illustrated 
by a statement of Mott and Halliburton** in 1899 that “We have never 
succeeded in killing an animal by injection of choline or (dioline hydro- 
chloride.^' Others had su(}(;eeded, however. In 1885 Boehm*** found that 
0.05 g. of choline chloride injected subcutaneously would kill a small frog, 
and 0.1 g. a large one. 

The minimum lethal dose, so-called, of (choline (chloride, for rabbits was 

4 R. Hunt and U. De M. Taveau, Brit, Med. J. II, 1788> 1791 (MK)6). 

» R. Hunt and R. De M. Taveau, Hyg. Lah. Bull. (U. S.) 73 (1911). 

•H. H. Dale, J. PharmacMl. Expil. Therap. 6 , 147-190 (1914). 

7 G. A, Alles, Physiol. Revs. 14, 270 307 (1934). 

8 H. Molitor. J. Pharmacol. Exptl. Therap. 68 , 337-360 (1936). 

8 F. W. Mott and W. D. Halliburton, Trans. Roy. Boc. (London) B191, 211-267 

(1899); see p. 223. 

R. Boehm, Arch, exptl. Pathol. Pharniakol. 19, 87-100 (1885). 
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found by .subcutaneous injection to be between 0.5 and 1.0 per kilo- 
gram.'^* Dreyfus'*' reporUid that rabbits are killed by 1 g. per kilogram 
given rectally or sub(*utaneously but that only 0.11 g. per kilogram is 
re([uir(Ml intravenously. Cats are killed by 24 mg. of choline chlorides per 
kilogram given intravenou.sly." The rate of administration is, of course, 
important. Arai"^ found that if the drug was injected slowly cats could 
tolerate 15 mg. of choline chloride per kilogram given intravenously without 
any observable toxic (iffec,t; 30 mg. given slowly produced a reversible arrest 
of respiration but 35 mg., even if injected slowly, was lethal. As choline is 
rapidly dc^stroyed (see below), about 0.8 to 0.9 mg. per kilogram per minute 
may be injected practically indefinitely into a cat if the concentration is 
between 0.2 and 0.4%. The MLD for mice (subcutaneou.sly) is 0.7 g. per 
kilogram.^® 

The acute toxicity of choline chloride for both mi(*e and rats has been 
deUn-mined in recent years by using larger numbers of animals and by 
applying the technicjiie of probit analysis to the data. This permits a more 
acc^urate estimate of the dose needed to kill one-half of a given population, 
i.e., the so-called LDso. Hodge and (Joldstein'® injected mice (weighing 18 
lo 20 g.) intraperitoneally with different volumes of 2% solution of choline 
chloride. The LDw) was (),4 mg., or about 300 to 320 mg. per kilogram. The 
importan(*e of the strength of the solution was shown by Neumann and 
Hodge'^ when they found the ]A)6o in rats given (holine (hloride by stomach 
tube to I e of the order of 3.4 g. per kilogram whciii con(*entrated solutions 
(070 mg. or 500 mg. per milliliter) were given, but fi.l g. per kilogram when 
weaker solutions (4(X) or 2(K) mg. per milliliter) were used. McArthur and 
Lucas'” o1)tained a value for the J.Dso (oral) of choline chloride in rat-s 
weighing 150 g. of about. 700 mg., i.e., about 5.1 g. per kilogram when 
the drug was administered in 2 ml. By intraperitoneal or intravenous 
injection the LDso in rats is very much less (one-tenth to one-fiftieth, 
acc^ording to preliminary tests, i.e., of about the same order as was found 
in mice). 

Prolonged ingestion of choline has not revealed any chronic toxicity. 
Many investigators of lipotropic, phenomena have fed rations containing 
0.1 up to 2 % of choline chloride to rats for periods of from several weeks to 

Briogcr, Ueber Ptomaine. Hirschwald, Berlin, 1885-1886. 

Karl Vogt, Sitzber. Ahhandl. naturforsch. Ges. {Rostock), New Scr. I, 1 (1909): 

(]Uoted by Arai in ref. 15. 

L. Dreyfus, Cortipl. rend. sac. biol. 83,481-483 (1920). 

A. Lohmann, Pfliigers Arch. ges. Physiol. 118 , 215-227 (1907). 

K. Arai, Pflugers Arch. ges. Physiol. 193 , 351K195 (1922). 

H. C. Hodge and M. II. Goldstein, Proc. Soc. Exptl. Biol. Med. 61 , 281-282 (1942). 

N. W. Neumann and H. C. Hodge, Proc. Soc. Exptl. Biol. Med. 68 , 87-88 (1945). 

C. S. McArthur and 0. C. Luctis, Biochem. J. 46 , 226-231 (1950). 
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several months with no evidence of any toxic effec.ts, other than some slight 
decrease in food intake at the higher concentrations. 

Hodge^® administered relatively large amounts of choline chloride to rats 
for a period of 4 months, to some in their food, to others in the drinking 
water. Prolonged consumption of diets or drinking water (containing 1 % 
choline (chloride produced no evidence of toxicity. Food intake was low and 
growth poor when the diet contained over 2.7%; no deaths occurred in 
those given 5 % choline chloride in the ration. Those given 10 % lost weight, 
and three out of five died, but no histological evideiuce of damage was 
detectable. When the drinking water contained 2.7 % (choline chloride a 
40 % reduction in growth occurred; when it was incimsed to 4 % no gr()wth\ 
took pla(ce and all the rats (five out of five) died within 3 montlis. 

Davis^^ has claimed that administration of choline chloride to dogs by ' 
stomach tube (10 mg. per kilogram of body weight, once or twice daily) 
produces hypen^hromic anemia. However, when Clarkson and Best-^ main- 
tained dogs on a good ration under controlled conditions for a period suffi- 
cient to stabilize the blood pi(cture (satisfactorily constant basal \"alues for 
red (cell counts and hemoglobin concentrations) and then added to the diet 
extra choline chloride (up to 30 mg. per kilogram of body weiglit p('r day), 
no evidence whatever of ma(crocyti(* anemia could be detect(?d. On the 
contrary, the (condition of the dogs given choline chloride, either in the diet 
or by stomach tube, improved steadily, pn^bably owing to th(» general 
excellence of the diet rather than to the added choline. 

Roth and Allison-^ fed rats of the Sherman strain a di('t containing 
1.35% (holine chloride for 20 days. The rats were fed the same weiglit of 
food as was consumed by another group given an ex(cess (4.8%) of methio- 
nine in the diet. The animals in both groups lost about 35 % of their body 
weight in the 20-day period. Although the food intake is not given, it would 
appear from the data for ingested nitrogen that the rats (250 g.) obtained 
only 6.7 g. of the ration (12% casein) per day. Restriction of food intake 
rather than toxicity of (ffioline chloride appears to explain the loss in weight 
observed in this study. 

The fate of choline in the organism has not been fully elucidated. Choline 
is destroyed in the body with considerable speed.*® When injected it dis- 

»» H. C. Hodge, Proc. Soc, Exptl. Biol Med, 68 , 212-215 (1945). 

20J. E. Davis, Am, J, Physiol, 142 , 213-215, 402-406 (1944); 147 , 405-411 (1946); 
Science 106 , 43-44 (1947); J. E. Davis and D. E. Fletcher, J . Pharmacol. Exptl. 
Therap. 88 , 240-253 (1946); J. E. Davis and J. B. Gross, Am. J, Physiol. 144 , 444- 
446 (1945). 

« M. F. Clarkson and C. H. Best, Science 106 , 622-623 (1947). 

** J. S. Roth and J. B. Allison, J. Biol. Chem 183, 173-178 (1950). 

** H. von lioesslin, Beitr. chem. Physiol. Pathol. 8 , 27-37 (1906); (luoted by Fuchs, 
ref. 31. 
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appears rapidly from the blood stream^^ but does not increase appreciably 
the amount in the urine.^'^-^? 

When rAie(*ke and Pearson-® f(Ml large doses of choline chloride (10, 20 
and 40 g. to sheep and 5 g. to dogs), no signifi(^ant increase resulted in the 
free or total choline in plasma, liver, or kidney and only a very small 
fraction (0.5 to 2.5%) was recovered in the urine (24-hour collection). 
Before treatment normal sheep excreted in the urine about 2 mg. of choline 
per 24 hours; after 40 g. daily for a period of 6 days the output increased 
significantly to Ix'tween 800 and 500 mg. daily in one animal and to be- 
tween (iOO and 1050 mg. in the other (0.7 to 2.5% of the intake). Johnson 
et found that ecpially small proportions (0.7 to 1.5%) of the choline 
intake* were excreted as such in the urine by human subjects. 

Choline is not destroyed b}'' blood in vitro . The destruction probably 
occurs lai‘gely in the liver. In some species (rat and hamster, but not guinea 
pig) a sp(K*ific enzyme, choline oxidase, is found in the liver and kidney-*®' 
which oxidizes the alcohol group to give betaine aldehyde. A second enzyme 
contimu's the oxidation to betaine. Only negligible amounts of choline, 
trimethylamiiK', or its oxide could be found in the urine of a large dog 
given 20 g. of choline* chloride* during a 0-day period.^* Peissibly the methyl 
grenips are oxidize*el in sejme spenties by ane)ther enzyme via formic acid to 
CO 2 and water. 

The me*thyl gre)ups e)f choline appeared to be labile in ce^rtain physiologi- 
cal eiu’ironments, but re(*eiit studies suggest that they become labile only 
after ceaiversion te) ce)mpe)unels sue*h as betaine aldehyde or betaine.^-*'^'* 

Popper^®' has reporteel that in normal human beings about two-thirds 
of orally aelministercd doses of choline chloride appear in the urine as 
trimethylamine (mainly in the fonn of its oxide). Since the proportion so 
excreted is greatly reduced after treatment of the patient with antibiotics 
and is even smaller when the cJioline chloride is administered intravenously, 

2** U. Hunt, J. Pharmacol. Exptl. Thcrap. 7, 301-337 (1915). 

2*^ M. (iugstniheim and W. Ixiffler, Biochem, Z. 74, 208-218 (1916). 

II. W. Liieckc and P. 13. Poarson, J . Biol. Chem. 168 , 561-566 (1945). 

B. C. Johnson, T. 8, lliimilton, and H. H. Mitchell, J, Biol. Chem. 169 , 5-8 (1945). 
28 p, Wrede, E. Struck, and E. Bornhofen, Hoppe-Seyler's Z. physiol. Chem. 183 , 

123-132 (1929). 

F. Bernheiin and M. L. C. Bernheiin, Am. J. Physiol. 104 , 438--440 (1933). 

F. Bernheiin and M. L. C. Bernheiin, Am. J. Physiol. 121,55-60 (1938). 

II. Fuchs, Z. Biol. 98 . 473-478 (1938). 

J. W. DuhnofT, Federation Pror. 8, 195 (1949) 

J, W. Dubnoff, Arch. Biochem. 24 , 251- 262 (1949). 

« J. A. Muntz, J. Biol. Chem. 182 , 489-499 (1950). 

H.'Popfiej, in Discussion, Trans. 10th Conf. Liver Injury , New York (1951). 

J. de la Huerga and H, Popper, J. Clin. Invest. 30 , 463-470 (1951). 
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it would appear that intestinal bacteria are responsible for the breakdown 
observed. In rats about 40% of orally administered choline chloride is 
ex(Teted in the urine as trimethylamine or its oxide. 


XII. Requirements 

A. REQIJIKEMENTS OF ANIMALS 

WENDELL H. GRIFFITH and JOSEl’lI F. NYC 

Recjuiremeiits of choline in the rat, chick, and turkey poult have been 
stated for specific, dietary conditions in the preceding discussion. Require- 
ments cannot be described otherwise at the present time because of the 
multiplicity of factors that govern the dietary need of this substaiu^e. 
There is experimental support for the provisional conclusion that choline 
is indispensable in the diet of chicks. This (conclusion may need revision if 
it is shown that mono- and dimethylami noethanol can be methylated by 
formatc-to-methyl syjithesis or by transmethylation at a rate sufficiently 
rapid to meet the chick ^s demand for choline. In the event that such a 
finding is established, the (effect would be merely the transfer of dietary 
indispensability from choline to monomethylaminoethanol. There is no 
evidence of wide and ample distribution of the latter compound in natural 
foods. In so far as the rat and other animal species are concerned, there 
appears little (luestion concerning the ability to prodiu’e methyl groups. 
Whether or not the rate of formation by this means is ever adeciuate for 
growth, reproduction and lactation on diets completely devoid of choline 
but otherwise of reasonable composition remains to be determined. 

Among the dietary factors that influence the requirement of preformed 
choline are (1) those that are involved in the enzymatic reactions of trans- 
methylation and of formate-to-methyl synthesis, (2) those that provide 
labile methyl, and (3) those that affect metalxjlism generally. In the first 
category are folic acid and Bn without which the choline, retpiirement is 
definitely increased. In the second category are methyl donors other than 
choline, such as methionine, betaine, and the thetins. Of these, only methio- 
nine occurs widely in nature, and the quantity and composition of dietary 
protein are, therefore, important factors in determining how much (jholine 
should be contained in the ingested food. In the third (;ategory are any 
modifications of the food mixture, including a decrease in the amount 
consumed, that may lower the requirement of choline by depression of 

^ H. Popper, J. de la Huerga, and D. Koch-Weser, J, Lab, Clin, Med, 89, 725-736 

(1952). 
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the rate of growth or of the level or (*hara(?ter of metabolism. In this group 
are fasting and inhibition of appetite due to a deficiency of thiamine or of 
other nutrients. 

Undoubtedly there are many ways in which the metabolism of lipids is 
affected with a concomitant change in the rate of turnover of choline- 
containing phospholipids and in the rate of utilization of choline. Further- 
more, the demand for methyl groups in the synthesis of creatine and of 
other methylated metabolites may divert part of the dietary supply of 
choline to such uses. On the other hand, choline may spare methionine as 
a sourc^e of methyl and thus allow additional amounts of this amino acid 
to be used in protein synthesis, directly or after conversion of its sulfur to 
cystine. Certainly, the need of choline is increased during growth. 

The position of choline among dietary essentials is uni(iue and at the 
same time anomalous. Clear-cut eviden(‘e for activity as a biocatalyst is 
lacking, hut there can be no (piestion regarding its nutritional importance 
in very fundamental bio(^hemi<?al systems in association with vitamins and 
other indispensable nutrients. 

K REQUIIIEMENTS OF HUMAN BEINGS 

W. STANLEY HARTUOET, COLl.X C. LUCAS, and CHARLES 11. BEST 

Although some data are available which make possible a rough estimate 
of the (‘holine rociuirement of the rat, dog, and poultry, there are no com- 
parable data for man. The daily choline intake of adults eating average 
mixed diets was determined in Toronto^ by actual analysis of representative 
servings. The values found (ranging from 250 to 600 mg.) are in good agree- 
ment with calculated values of 300 to 5(X) mg. reported from Sweden by 
Borglin.^ The choline intake of young men on a constant, adequate diet 
was determined in the United States by Johnson et al? for a 5-day period; 
it varied from 624 to 899 mg., with a mean value of 737 mg., or about 150 
mg. per day. 

Borglin*^ found the excretion of choline by adults to vaiy normally be- 
tween 2 and 4 mg. per day, i.e., 0.5 % to 1 % of the intake. He noted that, 
when the intake was reduced (e.g., starvation, ulcer diet) the amount 
ex(;reted fell. Dietary factors (e.g., fat, methyl acceptors) whic,h increase 
the reciuirement for choline reduced the choline excretion. Conversely, 
diets rich in lipotropic agents (prot^ein, methionine, betaine) increased the 
excretion of choline, obviously indicating a lessened requirement for choline. 
These findings in human subjects paralleled those made during his investi- 

^ J. H. Ridout, C. C. Lucas, J. M. Patterson, and C. H. Best, Biochem, J. 52, 79-83 

(1952). 

* N. E'. Bor^in, Acia Pharmacol. Toxicol. 8 Suppl. 1, 1-123 (1947). 

* B. C. Johnson, 't. S. Hamilton, and H. H. Mitchell, J. Biol. Chem. 5-8 (1945). 



130 


CHOLINE 


gations in animals. Negligible excretion of choline has also be^en reported 
by others^ even after giving extra choline.^'*^ Thus ‘loading tests” are of no 
value in determining the choline reciuirement. 

‘‘T. Z. Cs^ky, J. Mollerstrom, and 0. V. Sirek, Arch. Intmml Med. 84 , 730-737 
(1949). 

Castro Mendoza, C. Jimenez Diaz, and J. del Rio, Bull. Inst. Med. Research 
(Madrid) 1 , 7-17 (1948). 

« J. de la Huerga and H. Popper, J. Lab. Clin. Med. 36 , 816 (1950). j 

’ J. de la Horga, H. Popper, and F. Steigmann, J. Lab. Clin. Med. 38 , 9(W 910 (]|p51 ). 
» R. Russet, Rev. med. (Liege) 6 , 60-64 (1951). 
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L Nomenclature and Formulas 

ROBERT S. HARRIS 

Accepted names: Vitamin D2 (or calciferol) from ergosterol by irradia- 
tion; ergocalciferol 

Vitamin Da (or activated T-dehydrocholesterol) from 7 - 
dehydrocholesteroi by irradiation; cholecalciferol 
Obsolete names: Rachitamin 
Baehitasterol 
Antirachitic vitamin 

Empirical formulas: Vitamin D2: CaaHMO 
Vitamin D3: CnHaaO 
Chemical names: Vitamin D2 
Vitamin Ds 

Structure: 



n. Chemistry 
CHARLES E. BILLS 

The term vitamin D is applied to several antiricketic‘ substances derived 
ftixa, or associated with, the sterols. The existence of the vitamin was first 

‘ Eagluh word rickets, which probably derives from wrygates (crooked goings) , 
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indicated in e}q)eriinents by Mellanby,^ who found that rickete in puppies 
is a deficiency disease, and that cod liver oil contains a factor which pre- 
vents it. In 1922 the vitamin was recognized as a substance distinct fnun 
vitamin A by McCollum et aX? These workers bubbled air throu^ heated 
cod liver oil until the antixerophthalmic factor, vitamin A, was destroyed, 
leaving the antiricketic factor which they later* termed vitamin D. Zucker 
et a/.* found that vitamin D appears in the unsaponifiable, or sterol, fraction 
of cod liver oil, and they suggested that “it may be a sterol related to 
cholesterol or a cholesterol derivative.” 

Proof of the relationship to sterols followed the discovery in 1924 of the 
antiricketic activation of fooda It was found by Steenbock* and Hess and 
Weinstock^ that numerous foods acquire vitamin D activity when exposed 
to ultraviolet rays. In 1925 further experiments by Hess et ai.,^ Steenbock 
and Black,* and Rosenheim and Webster'* demonstrated that in foods it 
is the sterol content which is activated. Extension of this work led in a 
few years to the preparation of calciferol, or vitamin D 2 , in the pure state, 
and it is noteworthy that this was accomplished before any form of the 
vitamin had been isolated from natural sources. 

A. THE STEROLS 

The literature of the sterols is voluminous, and the subject complex; 
only the facts most pertinent to vitamin D will be given here. Bills’ review 
(rf the physiology of the sterols" wll be drawn upon for early material of 
a biochemical nature. The organic chemistry of vitamin D, particularly in 
its three-dimensional aspects, has been covered by Lettr# and Inhoffen,"* 

antedates the unrelated classical coinage, rachitis (inflammation of the spine), and 
is more accurately descriptive of the disease. Hence the terms rickets, ricketic and 
antiricketic appear preferable to rachitis, rachitic, and antirachitic. 

• E. Mellanby, Med. Research Council (Brit.) Spec. Rept. Ser. 61> (1921). 

’ E. V. McCollum, N. Simmonds, J. E. Becker, and P. G. Shipley, J. Biol. Chem. 
63, 293 (1922). 

• E. V. McCollum, N, Simmonds, J. E. Becker, and P. G, Shipley, J. Biol. Chem. 
66, 97 (1925). 

• T. F. Zucker, A. M. Pappenheimer, and M. Barnett, Proc. Soc. Bxptl. Biol. Med. 
16, 167 (1922). 

• H. Steenbock, Science 60, 224 (1924); U. S. Pat. 1,680,818 (1928). 

’ A. F. Hess and M. Weinstock, J. Biol. Chem. 62, 301 (1924). 

® A. F. Hess, M. Weinstock, and F. D. Helman, J. Biol. Chem. 63, 305 (1925). 

• H. Steenbock and A. Black, J. Biol. Chem. 64, 263 (1925). 

0. Rosenheim and T. A. Webster, Lancet 1, 1025 (1925). i 

“ C. E. Bills, Physiol. Revs. 16, 1 (1935)* 

H. Iiettr4 and H. H. Inhoffen, tJber Sterine, Gallen8&ui*ea.^nd verwandte Natur- 
stofle. J'erdinand Enke, Stuttgart, 1936. 
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Sobotka,” Strain,** Rosenberg,** Fieser wd Pieser,** Shoppee,** and Deuel,” 
and will not be repeated in detail. It is to be noted that the namendature 
Mid symbolism of sterol chemistry are in a state of flux, the most recent 
usage being diat of Fieser and Fieser and of Shoppee. Ilie book by Reed 
d a/.** emphasizes the physiological and therapeutic aspects of vitamin D. 

The sterol skeleton is diown in Fig. 1. This is a perfi 3 rdro-l ,2-cyclopen- 
tenophenanthrene ring system, with methyl groups at positions 10 and|12 
and a side chain at position 17. The conventionid numbering of the cart on 
atoms and the lettering of the rings are as indicated. The evidence leading 
to this structural concept is briefly reviewed by HeUbron et dl}* Seveml 
routes to the synthesis of the ring system have been described,** and recently 
Woodward et of.** have achieved the total synthesis of cholesterol. \ 
The hydrocarbon skeleton common to the sterols is one of the largest 
ring systems with which living cells have to deal. It occurs not only in the 
common sterols, but also in the sex and cortical hormones, bUe acids, car- 
diac glucosides, toad poisons, and some carcinogens. But in vitamin D the 
nucleus is broken in ling B, so that the structure is no longer a sterol in 
the strictest sense. The several forms of vitamin D are sometimes classed , 
with the steroids in recognition of their origin, but properly they are not' 
sterols. 

As an introductory convenience, the student of vitamin D may narrow 
the field to three types of naturally occurring sterols, differing in the degree 
of saturation in their ring system. In any of these types the side chain may 
or may not be saturated, and always there are possibilities of structural 
and steric isomerism. 

1. The cholesterol type, characterized by just one double bond in the ring 

>*H. Sobotka, Chemutry of the Steroids. Williams and Wilkins Go., Baltimore, 
1938. 

>' W. H. Strun, in Organic Chemistry, 2nd ed., Vol. II, Chapter 19. John Wiley and 
Bona, New York, 1943. 

** H. R. Rosenberg, Chenustry and Physiology of the Vitamins. Interscience Pub- 
Ushera, New York, 1946. 

** L. F. Fieser and M. Fieser, Natural Products Related to Phenanthrene, 3rd ed. 

Reinhcdd Publiidiing Gorp., New York, 1949. 

*• 0. W. Shoppee, Vftemtns and Hormonet 8, 256 (I960}. 

” H. J. Deud, Jr., The Lipids. Interscience Publishers, New York, 1951. 

**C. L Reed, H. G. Struck, and I. E. Steok, Vitamin D. University of Chicago Pnss, 

, vm, 

.** I. M. Hefltwon, J. C. E. Simpson, and F. S. Spring, /. Cham. Boe. 1888, 826. 

* J. W. Cook wd 0. L. Hewett, J. Boe. Chan. Ind. 08, 451 (1983); J. Chan. Boe. 

1888, 1098; L. Riuieka, L. Ehmann, M. W. Qddbwg, and R. H6aU, BOe. CkSm. 

’ , Aria £8, 8% (1933); G. A. R. Kon, J. Chan. Boe. 1988, 1081; A. Koetmcr and R. 

, IWWuBwn, ibid. 1888, 1W4; C. K. Chuang, C. M. Ma, Y. L. Tien, and Y. T. Huu)«, 

. ' Bar. 78, 949 

Woodward, F. Sondheimer, and D. Tub, J. Am, Chan. Boe, 78, 8648 (IWl). 
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sjrBtem, always at C-6. Examples: cholesterol, sitosterol, stigmasterol, 
brassicasterol, campesterol, fucosterol, and others (Fig. 2). 

2. The saturated ring type, in which there is no double bond in the ring 
system. Examples: dihydrocholesterol (chdestanol), dihydrositosterol (ra- 
tostanol), etc. (Fig. 3). 

3. The ergosterol, or provitamin, type, characterized by two double 
bonds in the ting ^tem, always at C-5 and C-7. Examples: ergosterol 
(provitamin Dj), T-dehydrocholesterol (provitamin D»), and the incom- 
pletely identified provitamins D of moUusks (Fig. 4). 


20 21 


22 22 


tt 


CH(CH,)-CH.-CH,-CH,*CH(CH»)j 



Ffo. 1. The sterol ring structure, with a t3rpical side chain at C-17. Rings A, B, C, 
and D are sometimes designated I, II, III, and IV. 



Cholesterol R - — CH(CH,) CH, CH, CH, CH(CH,), 

/J-Sitosterol R - -CH(CH,).CH, CH,-CH(Cja[,)-CH(CH,)» 
Stigmasterol R - -CH(CH,) CH— CH CH(C,H,) CH(CH,), 
Brassicasterol R - -<!H(CH,) CH--CH CH(CH,) CH(CH,), 
Campesterol R - — CH(CH,)-CHt CHfCH(CH,)-CH(CHi)» 

Fucosterol R - — CH(CH,) CHf CH, CH— C(CH,) CH(CH,), 

Fio. 2. Examples of cholesterol-type sterols. 

Cholesterol (Fig. 2) is the principal sterol of the higher animals, or 
vertebrates. It is abundant in nerve tiasue, fats, and skin, and present to 
some mctent in ail bodily structures. It is usually accompanied by traces of 
other sterols, triiich in a few instances have been identified as dihydro- 
eholesterol (cholestanoi) and 7-ddiydrocholesterol. 

In the invertebrates cholesteixd is partly or vdiolly replaced by mixtures 
of other stenfis, uid in these mixtures 7-dehydrodhole8t^ and other im>- 
vitamins D may be present in oonaderable amounts. The sterols cd moUudks 
ere partioulsr interest in oeineetion with vitamin D, and among thf^e it 
is tc^ be noted that ^ stertfis of the Priec^jipoda (bividveB, such as chims 
and tiysters) differ friMn those oi the Gastropoda (snails). Extaiq;des are 



136 


VITAMIN D GBOUP 


given in Table I, taken from Bergmann.*® The bivalves may exhibit some 
cholesterol, but chiefly their sterols are difficultly separable mixtures of 
Qa and C 29 sterols, with di-unsaturated C-24 epimers of C® sterols pre- 
dominating.®®- ®® The snails, however, show chiefly cholesterol, like the 
higher animals , but Avith small amounts of phytosterol-like sterols. 

The sterols of plants, especially the higher plants, or phanerogams, are 
collectively known as phytosterols. By far the commonest phytosterol is 
sitosterol, a sterol which exists in three isomeric forms designated a, /3, and 
Y, which are so difficultly separable that they are usually considered as oi^e. 



Cholestanol R - -CH(CH,) CH, CH2 CH, CH(CII,)s 
iS-Sitostanol R = — CH(Cn,)-CHi CHrCH(CjH»)-CH(CH,), 
Fia. 3. Ebcamplcs of saturated-ring sterols. 



Ergosterol R - — CH(CH,) CH=CH-CH(CH,) CH(CH,), 

7-Dehydrochole8terol R = — CH(CH,) CHs CHj CHs-CH(CH,), 

Fig. 4. Ergosterol and T-dehydrocholesterol, commonest examples of provita- 
mins D. 

Sitosterol is usually accompanied by traces of dihydrositosterol (sitostanol) 
and a provitamin which might be expected to be 7 -dehydrositosterol but 
which is probably ergosterol. Other sterols occurring with sitosterol in the 
higher plants are campesterol, brassicasterol, stigmastefol, and spinasterol. 
In the lower plants, or cryptogams, sitosterol appears in the green algae, 
but in the brown algae it is replaced by fucosterol. In the fungi the principal 
sterol is eigoeterol, accompanied by small amounts of 5 -dihydroerg(»ter(d 
and traces of several other sterols not of interest in ccmnection with vita- 
min D. 

From the stiructural formulas it can be seen that the sterols which pre- 
. dominate in the hi^er forms of life differ only in their side chains. Their 

V* W, Bergmann, y. Marine Beteareh (Sean Foundation) 8, 137 (1949). 

W. Bergmannand E. M. Low, J. Org. Chem. 18, 67 (1947). 
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ring systems axe identical and exhibit but one double bond, located at C>S. 
These sterols and the dihydro derivatives which accompany them in traces 
lack any system of conjugated double bonds and hence do not show ab- 
sorption bands in the ultraviolet repon when examined spectrographically. 


TABLE I 

Sterols of Mollusks (Bergmann**) 


Class and species 

Melting point of 
steryl acetate, ®C. 

Principal sterol 

Pelecypoda 



Tapes phillippinarum 

1.37 


Corbicula leana 

126-127 

Corbi-, brassicasterol 

Cristaria plicata 

137-138 


Meretrix meretrix 

137-138 

Meretristerol 

Ostrea gigas 

136-137 

Conchasterol 

Oeirea virginica 

134-135 

Ostreasterol 

Mya arenaria 

131 


Volsella modiolus 

127-128 


Tridacna gigas 

156-157 

Shakosterol 

Venus mercenaria 

131 


Modiolus modiolus 

131 


Modiolus demissus 

156-157 

Brassicasterol 

Gastropoda 



Halioiis gigantea 

117 

Cholesterol 

Turbo cornutus 

116 

Cholesterol 

Rapana thomasiana 

120 

Cholesterol 

Cellana nigroUneata 

115 

Cholesterol 

Tegula xanthostigma 

118 

Cholesterol 

Fulgur (Sp.) 

117 

Cholesterol 

Buecinum undaium 


Cholesterol 

Litiorina littorea 


Cholesterol 

Neriia peleronta 


Cholesterol 

Nassa obsoleta 


Cholesterol 

Qephalopoda 



Sepia officinalis 


Cholesterol 

Octopus vulgaris 


Cholesterol 


On the other hand, the sterols which are most characteristic of the lower 
forms of life and which occur in traces with the sterols of the h^er forms 
(ergosterol, 7-dehydrocholesterol) have double bonds at C-6 and C-7. As 
would be expected on theoretic^ grounds, these sterds w^ ccmii^ted 
double bonds exhibit ultraviolet absorption bands. With the^princ^lesin 
mind, one can look back understandingly on the development oS the pro- 
vitamin theory. 
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B. THE PROVITAMIN THEORY AND SYNTHESES • 

1. History 

When it became evident that in foodstuffs the sterol fraction contains Hie 
acceptor of the activating rays, investigators tried to explain chemically the 
changes induced in the sterols by irradiation. Hess and Weinstock*^ intro- 
duced the use of the quartz spectrograph for investigating the chemistry 
of activation. They found that ordinary cholesterol and wheat phytost^ol 
(sitosterol) were somewhat opaque to ultraviolet light, and that irradiatmn 
decreased their opacity. On the other hand, dihydrocholesterol and dihydro- 
sitosterol, which were not activatable, were practically transparent. Un- 
fortunately, a mercury arc was used as the li^t source for the spectrograms. 
Since this gives a discontinuous spectrum, nothing could be learned of the 
spectral structure in the region of absorption. 

Schlutz and Morse,’^ with better spectrographic technique, determined 
that the absorption spectrum of ordinary cholesterol is banded. They rec- 
ognized two maxima of absorption, at approximately 294 and 283 mu and 
were thus the first to record the provitamin absorption spectrum. They 
noticed that after brief irradiation the inflections gave way to general ab- ^ 
sorption, and, considering Beer’s law, they postulated that either the cho- 
lesterol had been at least half metamorphosed, or else “the substance in 
which the absorption spectrum is changed may be a small amount of im- 
purity in the cholesterol which is not removed by repeated crsrstallizations 
from alcohol, and which is exceedingly absorptive.” 

Rosenheim and Webster^' found that cholesterol which had been regen- 
erated from cholesterol dibromide was so pure that it no longer showed the 
characteristic absorption spectrum and was no longer activatable. Heilbron 
ef of." reported that fractional crystallization of cholesterol led to the ac- 
cumulation, in the least soluble fraction, of the substance responsible for 
Hie characterisHc absorption spectrum. They recognized a third absorption 
maximum, X 269 m/i. Irradiation destroyed the three bands, leaving only 
general absorption. Pohl,* by the technique of photoelectric photcnnetry, 
also detected three absorption bands in cholesterol, which faded upon ir- 
radiaHon. With Hie knowledge that complete disappearance of the bands 
cmrespcHuled to the destruction ci orfly a trivial fraction of Hie cholestenH, 
he concluded that Hie absorbing substance was present only in n^ute 

M A. F. Hess and M. Wdnstoek, /. Bid. Chem. M, 181 (1S26) ; M. 193 (1926). 

» F. W. Sohlutz and M. Moiae, Am. J. Diteaut Children 80, 199 (1926). 

M 0. Roaenh^ and T. A. Webster, /. 8oe. Chm. Ind. 16, 932 (1^); Bieehmi. /. 
ft, 127 (1927). 

« Z. M. Heilbron, H. D. Kamm, and R. A. Morton, /. Soe. Chem. Ind. 46, 9^ (1926}u 
iKbe6«»./.fl,78(1927). 

^ R. Pobl, Naehr. Qee. Win. Omngen, Math. ^^/eik. Kl. 142 (1^). 
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amounts. He found that cholesterol purified via the dibromide, or via allo^ 
dufiesterol, and ratosterol purified via the dibromide, did not diow the usual 
absorption. 

These studies made it plain that an impurity present in ordinary choles- 
terol and intosterol is responsible for at least the greater part of the anti- 
ricketic activity conferred upon the sterols by irradiation. The impurity, 
or provitamin, was presently identified as ergosterol, a sterol which 
Rosenheim and Webster^* had previously found to be activatable, but with 
which tiiey had made no quantitative studies. Pohl**’ found that the three 
known absorption bands of ordinary cholesterol are also exhibited by ergos- 
terol, but in vastly greater intensity. Additional chemical studies and a 
biological assay were made by Windaus and Hess,*' who found that, as 
expected, the antiricketic potency of irradiated ergosterol was far greater 
than that of irradiated cholesterol. Rosenheim and Webster*^ also conducted 
chemical and biological studies and concluded that the precursor of vitamin 
D “is ergosterol, or a highly unsaturated sterol of similar constitution.” 

Bills et al.” confirmed these studies in a way which supported the view 
that ergosterol vras the contaminant provitamin. By the use of a continuous 
light source they discovered that ordinary cholesterol exhibits a fourth 
absorption band, X 260 mju. The same band was shown by ergosterol, noaking 
the series XX 293.5, 282, 270, and 260 n^i, with four points of identity in- 
stead of three. Moreover, the spectra faded at the same rate when acetone 
solutions of ordinary cholesterol and of provitamin-free cholesterol plus 
added ergosterol were oxidized with permanganate. 

In iq)ite of all the evidence, it turned out that the identification of the 
provitamin of cholesterol as ergosterol was incorrect, yet it was so con- 
vincing that it was generally accepted from 1927 to 1934. However, there 
was during that period a growing knowledge of the multiple nature of 
vitamin D, which has been reviewed elsewhere in some detail.** In par- 
ticular, Massengale and Nussmeier'* observed that activated ergosterol is 
much less effective than cod liver oil, rat unit for rat unit, in the prevention 
of rickets in chicks. They offered no explanation of this phenomencm, but 
their work provided an important tool, the chick-rat efficacy ratio, for 
future studio on the D vitamins. 

It r emaine d for Waddell** to demonstrate that the provitamin D of 

** 0. Bosenheim and T. A. Webster, Biociym. J. M, 537 (1936). 

** R. Pobl, Nadir. Oaa. Witt. QitHngm, Math, phytik. Kl. 186 (1927). 

*> A. Windaus and A. Hess, Nadir. Get. Witt. Odttinem, Math, phytik. Kl. 175 (1827). 
** 0. Rosenheim andT. A. Webster, Lancet 1. 306 a927); Biodum. J. 81, 380 (1^). 
** C. E. Bills, E. M. HoneyweU, and W. A. MacNmr, /. Bid. Chm. n. 251 a83f9. 
**,0. E, Bills, Odd Spring Htahor Sympotia Quant. Bid. S, 328 (183il). 

** O.K. Massengale and M. Nussmeier, /. Bid. Chm. 87, 423 (1930). 

•• J. Waddril, /. Rfd. CXem. 106, 711 (1084). 
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chole^rol is not ergosterol. He compared irradiated cholesterol with ir 

chick, and h a »rie. « cxSSd^' 

to be free from alternative interpretations. His findines nroved hPvnnH 
fi^Z nf^ ^ ““ of cholertcrol is diffLot 



oxidatioD 


C.H„ 



bcnzoylation 


HO' -- 'OH 
7 -Hydroxy cholesterol 



C,H„ 

7-Ketocholesteryl acetate 

CsHit 

- 

7-HydroxycholesteryI dibenzoate 


C.H„ 


HO 


reduction 


pyrolysis 



saponification 

BzO" 

7-Dehydrocholesteryl benzoate 7.Dehydrocholesterol 

Fio. 6. Synthesis of 7-dehydrocholesterol (method of Windaus et 

2. Syntheses 

«sld'"onThp^t‘^^r of Waddell’s paper, Callow*^ 

t!^^?’n f tliat there might exisj in nature a prmd- 

ta^ D whidi IS a cholesterol derivative with the double bonds in Hie 

substance, now 

ihthi^n^ ^ “ 7-dehydrochole8tefol, was synthesized by Windauaef ol « 
m the Mowing nmner (Fig. 5). Cholesteryl acetate was oxidized by chro- 

isow^ate to 7 h^ ° aJuminum 

BO^^ate to 7-hydroxychole8terol, the dibenzoate of which gave upon 

was«^Sd to trr ^ 7^diydrocholesterol. The laS 

was saponified to the free provitamin. 7.Dehydrocholesterol is highly acti- 

ii ?' ^ ®show, iScz. J. Boy, CoU. Sei. 4, 41 (1984). 

* WuK^ttg, H. Lettr4, and F. Schenck, Ann, SSOy 98 (1935), 
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vatable and exhibits ultraviolet absorption bands in practically the same 
position and intensity as ergosterol. It also shares the property of being 
somewhat unstable. These facts account for the original misidentiiication 
of the provitamin in cholesterol. 

By reactions analogous to the ones used in the synthesis of 7-dehydro- 
cholesterol, the corresponding 7-dehydro derivatives of several other natural 
sterols have been made, namely, 7-dehydrositosterol,®® 7-dehydrostigmas- 


Activat- 

ability Sterol 



+ Ergosterol 
4- Epiergostcrol 
4- Lumisterol 

— Pyrocalciferol 

— Isopyrocalciferol 

4- 22,23-Oxidoergo8tcrol 
4* 22-Dihydroergosterol \ 

4* T-DehydrocampesterolJ 
? 7-DehydroclionB8terolT 
? T-Oehydrositosterol / 

? 7-Dehydrostigmasterol 
4" 7-Dehydrocholc8terol 
4- 7-Debydroepichole8t©rol/ 

? A^'7->**Chole8tatnene>3<ol 
? A^'7«Norchole8tadiene«3-ol 
? 3-Hydroxy-A*’-choladicnic acid 
? 3,17-Dihydroxyandro8tadieRe 


20 21 22 23 24 

t ~CH(CHi)-CH=CH CH(CHi) CH(CHa)* 


R ~-CU(CHa) CH CH-CH(CH»)-CH(CH»)* 

R » -43H(CHi) CHrCH* CH(CHi) CH(CH«)t 

R -CIl(CH*)-CHrCHrCII(CaH»)-CH(CHa)t 
R -CH(CHi) CH==CH-CH(C2H»)-CH(CH3)i 
R «» -<;H(CH>) CHt CHt ClI* CH(CHi)s 

R « -CH(CHi) CH=CH CH8 CH(CH,)* 

R - -CH(CHB) CH* CH* CHt CHa CHa 
R « ~-CH(CHa) CH» CH8 C00H 
R « -OH 


Fio. 6. The provitamins D and related sterols with double bonds at C-6 and C-7. 
The sign + means that the sterol becomes antiricketic upon irradiation, the sign — 
means that the irradiation product exhibits no antiricketic action, and the sign 7 
means that the sterol has not been adequately tested for activatability. 


terol,*® 7-dehydrocampe8terol,®‘ and 7-dehydroclionasterol.®® The structures 
of these and other sterols unsaturated in the critical C-5 and C-7 positions 
are shown in Fig. 6. 

A provitamin D of special theoretical interest is 22-dihydroergosterol, 
which is intermediate in structure between ergosterol and 7-dehydrocho- 
lesterol, and epimeric on C-24 with 7-dehydrocampesterol. This provitamin 
was prepared by Windaus and Langer®® by saturating the double bond in 

•• W. Wunderlich, HoppeSeyler’t Z. phyaiol. Chem. >41, 116 (1936). ^ 

O. hineert, Hoppe-Seyler's Z. phyaiol. Chem. ML, liS (19SI&). 

« W. l,. Ruigh, J. Am. Chem. Soc. 64, 1900 (1942); U. 8. Pat. 2,378,485 (1948). 

^ W, Bertpnann, A. M. Lyon, and M. J. McLean, /. Org. Chem. 9, 290 (1944). 

A. IK^daus and R. Langer, Ann. 508, 106 (1933). 
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the mde chain of ergosterol. To do this, fflrgosteryl acetate was heated with 
maleic anhydride to form an addition product in which the two double 
bonds in ring B were saturated. The double bond at C-22 was then hydro- 
genated, after which the maleic anhydride was thermally split from the 
molecule, thus restoring the double unsaturation in ring B which is essential 
for activation. The free provitamin was obtained by saponification of the 
ester. 

Ten other sterols with double bonds at C-5 and C-7 are also known. 
Their structures are included in Fig. 6. Epiergosterol is prepared by the 
reduction of ergosterone with aluminum isopropylate.^ It has not Wn 
obtained pure, but has been made free from ergosterol. Lumisterol is\the 
initial irradiation product of ergosterol.^*' ** It has not been found in nat^, 
but it undoubtedly occurs in natural products where vitamin D is bemg 
formed by insolation. Pyrocalciferol and isopyrocalciferol are thermal traiu- 
formation products of calciferol.** 22 ,23-Oxidoergosterol has been prepared, 
but the details of its synthesis were not disclosed.*' Rosenberg'* surmises 
that it was made by treating the maleic anhydride addition product of an 
ei^osterol ester with a mild oxidizing agent to form the 22,23-oxido com- 
pound, which upon thermal decomposition would yield the 22,23-oxido- 
ergosterol ester. 7-Dehydroepicholesterol has been made by applying tbe 
reactions in Fig. 5 to epicholesterol,** and also, in poor yield, by reducing 
dehydrocholestenone with aluminum isopropylate.** A*''’**-Cholestatriene- 
3-ol has been identified*® indirectly as one of the provitamins of Myitlus 
edtdis; it has not been prepared synthetically. A*'''-Norcholestadiene-3-ol 
has been made by a series of reactions from the oxidation products of 
sitosterol.*' 3-Hydroxy-A*''-choladienic acid is obtained by the pyrolysis 
the dibenzoate of methyl 3,7-dihydroxy-A*-cholenate in dimethylaniline.** 
3,17-Dihydroxyandrostadiene is made from androstenediol by reactions 
analogous to those in Fig. 5.** 

Besides the chemically definite provitamins cited in the preceding para- 
graphs, there are provitamins of unknown structure which will be conv- 
ened under the heading. Provitamins D of Invertebrates. There are also 

*< A. Windsus and K. Buohholz, Ber. 72. 697 (1939). 

*' A. Windaiis, A. Liittriiighaus, and P. Busse, Naehr. Oe». Wua. Odttingm, MoA. 

phj/tik. Kl., Faehgruppe III, 160 (1932). 

** A. T^ndaus, K. Dithmar, and E. Ferahols, Ann. 423, 269 (1932). 

** K. Dimroth and J. Paland, Ber. 72. 1S7 (1939). 

** A. tt^ndaus and J. Naggatz, Ann. 642, 204 (1939). 

A. mndaus and 0. Kaufnuum, Ann. 6tt. 218 (1939). 

;» J. VM» der Vliet, Bee. trae. Aim. 67, 246, 266 (1948). 

»V. O. Alberti, B. Camerino, and L. Mamoli, Heh. Chim. Aeta 12, 2038 (lOW); 
18,229(1960). 

»<}. A. B. Hadewood, J. Chem. 8oe. 1928, 224. 

' *■ A. Batenaqdt, E. H auama nn , and J. Paland, Ber. 71, 1816 (1938). 
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several vaguely recognized bodies from which antuickelie materials have 
been obtained by irradiation or oilier treatment; these will be discussed 
under Minor and Obscure Forms of Vitamin D. 

3. Chskical Stbuctusb and AcnvAXABiLm’ 
o. The Hydroxyl Group at C-S 

It has long been established that certain esters of crude cholesterol, i.e., 
of 7-dehydrocholesterol, are made antiricketic by irradiation. These include 
the acetate,** • **• ** benzoate,®* isobutyrate,®* palmitate,** and phosphate 
(monocholesteryl) .®* Ergosterol esters undergo the chemical changes of acti- 
vation as readily as the free sterol. However, the esters of calciferol which 
are formed by the irradiation of the corresponding esters of ergostercd are 
not uniformly effective when administered to rats. Irradiated ergosteryl 
acetate,®*’ ®® irradiated ergosteryl ethyl carbonate,®* and irradiated dier- 
gosteryl phosphate®* are as effective as irradiated ergosterdi. The irradiated 
benzoate was at first claimed to be as effective®* as irradiated ergosterol but 
later was found to be considerably less effective.®* ■ ®*® The palmitate is also 
less effective.®**’ *“ The allophanate, cinnamate, diphenylacetate, oxalate, 
a-naphthylurethane, and phenylurethane are inactive at the usual curative 
levels.®** The differences in antiricketic effectiveness are due merely to 
differences in the assimilability of the esters, for by saponification the full 
effectiveness of the vitamin D in any of the esters can be brought out. Hus 
phenomenon has also been observed in the natural vitamin D esters of 
fish oils.** 

When the hydroxyl group in 7-dehydrocholesterol is replaced by hal(%^. 
Hie molecule is considerably stabilized. The chloride and bromide of this 
provitamin D undergo changes upon exposure to ultraviolet rays which 
indicate spectrographically that the corresponding halides of vitamin D( are 
formed. These halides, which are resistant to saponificatimi, are devoid of 
antiricketio action when fed to rats and chicks, even in large doses.** C!om- 
pounds such as these, where the structure is present but the activity hidden, 
raise the poser: “When is a vitamin not a vitamin?” 

** A. F. Hess, M. Weinstock, and E. Sherman, J. Biol. Chem. 67, 413 (1926). 

»* C. E. Bills Mid F. G. McDonald, J. Biol. Chem. 78, 13 (1927). 

'* H. v<m Eoler and A. Bernton, Ber. 60, 1720 (1927). 

'* 0. Rosenheiin and T. A. Webster, Lancet U, 622 (1937). 

a. K. CaUow, Bioehem. J. 86, 79 (1931). 

•• H. von Euler, A. Wolf, and H. Hellstrem, Ber. 68, 2461 (1929). 

***A. T^ndaus and 0. Rygh, Naehr. Oee. Wise. Qmingrn, Math, phyeik. Kl. m 

aws). 

** 8. E. Bafley, /. Fisfcsriee JJsssarcfc Boord Con. 6 , 103 (1943). 

** S. Bernstdin, J. J. Oleson, H. B. Ritter, and K. J. Sax, J . Ant. Chem. 8oe. Tt', 
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By replacing the hydroxyl group with a thiol group, Strating and Backer® 
and Bernstein and Sax® have recently prepared 7-dehydrothiocholesterol 
(7-dehydrocholesteryl mercaptan or cholestadiene-5,7-thiol-3). This com- 
pound exhibits an absorption spectrum similar to that of the provitamins 
D and undergoes similar spectral changes upon irradiation, but the thic4 
isostere of vitamin Da which apparently resulted was not an^iricketic for 
chicks, even at generous doses. 

Strating and Backer® have also prepared the compoimd, “7-dehydro-3- 
homocholesterol,” in which the hydroxyl group is replaced by the HOtiHg 
group, i.e,, 3-hydroxymethyl-cholestadiene-5,7. This exhibits Uie typical 
provitamin D absorption spectrum, but no studies on its activatability h\i.ve 
been reported. 

The C-3 position is a center of asymmetry. Sterols which differ from nor- 
mal only in the steric arrangement of substitutions on C-3 are defined 
episterols.® They are not precipitable by digitonin. The epi configuration 
is exhibited by epiergosterol and 7-dehydroepicholesterol. Both are highly 
activatable, 7-dehydroepicholesterol acquiring about one-tenth as much 
activity as is acquired by 7-dehydrochole8terol under similar exposure to 
ultraviolet light.® - ® 

b. Orientations at C-9 and C-10 

Isopyrocalciferol is the C-9 epimer of ergosterol, and except forthis differ- 
ence the two are identical in structure. The fact that isopyrocalciferol does 
not beccnne antiricketic upon irradiation is evidence that the normal con- 
figuration at C-9 is essential for activation. Lumisterol differs from ergos- 
terol only in the epimerization of its substituent methyl group at C-10. 
The fact that it is fully activatable is evidence that the configuration at 
C-10 is not a determinant of activatability. Pyrocalciferol differs from ergos- 
terol in the spatial arrangements at both C-9 and C-10, and it is not activa- 
table. 

c. The Side Chain 

The sex hormone, 3 , 17-dihydroxyandrostadiene, differs structurally from 
ergosterol and 7-dehydrocholesterol only in the abs^ce of a side chain, 
the substitution at C-17 being an hydroxyl group. This compound, when 
irradiated, undergoes the spectral changes indicative (A vitamin D fonna- 
titm (1%. 7), but the product shows no antiricketic activity.® 

The cholanio acid analog of ergosterol and 7-dehydrocholesterol, known 
as 3-hydroxy-A‘-’-cho]adienic acid, differs from the activatable provita- 

** J. Strating and H. J. Backer, Bee. trav. ehitn. 68, 909 (1960). 

Bematein and K. J. Sax, J. Org. Chem. 16 , 686 (1961). 

Strating and H. J. Backer, Bee. trav. chim. 70, 389 (1961). 
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mins only in having a short side chain terminating in a carboxyl group. It 
is nevertheless not activatable.«® 

The sterol, A^’^-norcholestadiene-3-ol, differs from 7-dehydrocholesterol 
in that its side chain is unbranched and has one fewer CH 2 group. Although 
it is described as ‘‘a new provitamin D,'* no study of its antiricketic acti* 
vatability has appeared. 

The natural compound, A*'^'*2-cholestatriene-3-ol, or 22-dehydro-7-de“ 
hydrocholesterol, differs from 7-dehydrocholesterol only in having a double 


Original 30 Sec. Irrod. 60 Sec. Irrod. 3 Min. Irrod. 6 Min. irrod. 



Fig. 7. Spectral changes during the irradiation, under identical conditions, of 
ergosterol (upper curves) and 3,17-dihydroxyandrostadiene (lower curves). (After 
Dimroth and Poland.") 

bond at C-22. It has not been isolated in sufficient purity for direct studies 
to be made on its activatability, but as a component of the provitamin D 
mixture occurring in Myiilus edvlis it probably contributes to the vitamin 
D potency of the irradiated mixture.®® One would expect it to be activatable, 
because the double bond at C-22 is known (in ergosterol) not to prevent the 
formation of an effective vitamin D. 

7-DehydrocholesteroI and 7-dehydroepicholesterol have identical side 
chains, the shortest and simplest found in any provitamin D of unques- 
tioned activatability. A double bond at C-22, as in et^osterd, is favorable 
to activation, but not essential for it, because when it is saturated, as in 
22-dihydroergOBterol, activation can still occur, althou^ the vitamin D 

•• Q. A. D. Haslewood, BtocAem. J. SS, 454 (1939). 
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produced is of lesser potency .**■ ” When ihe double bond is rejdaoed by an 
oxido group, as in 22,23-oxidoergosterol, the activatability is idiarply^re> 
duced.® 

7-Dehydrocampesterol is a C-24 epimer of 22-dihydroergosterol.**' *• It 
is about one-tenth as activatable as ergosterol, being in this respect some^- 
what inferior to 22-dihydroergosterol. Thus it appears that the difference 
in antiricketic activity due to stereoisomerism on C-24 is somewhat greater 
than the difference caused by the double bond at C-22. 

Ihe presence of an elhyl group at C-24, as in 7-dehydro8tigmast^rol, 
instead of a methyl group as in etgosterol, apparently destroys activata- 
bility.** An ethyl group at C-24 is present in 7-dehydrositosterol, which in 
early experiments was found to be activatable.*’- Ruigh,*’ however, has 
presented evidence that the observed activatability is due to the presence 
in the 7-dehydro8itosterol of a quantity of 7-dehydrocampesterol or other 
provitamin D as an impurity. 7-Dehydroclionasterol, the C-24 epimer of 
7-dehydrositosterol, has not been tested for activatability, but in consider- 
ation of the presence of the ethyl group, one would not expect it to acquire 
marked antiricketic properties. 

^veral of the biological tests for the activatability of the sterols in Fig. 6 
leave much to be desired. In most instances the irradiated products wer^ 
tested only on rats, and only by oral administration. The conclusions in 
regard to the relation of chemical structure to antiricketic activatability 
might have to be modified if the products were tested at higher dosage 
levels, or by parenteral administration, or with a larger number of species. 
One is reminded that, if it were customary to use only chicks in testing 
vitamin D, irradiated ergosterol would be found inactive, or, at most, 
feebly active, in comparison with irradiated 7-dehydrocholesterol. The ques- 
tion mark is therefore applied to some sterols in Fig. 6, even thou|^ the 
best reported tests have indicated that their irradiation products do not 
cure rickets. 

4. Nbwbb Stnthetic Methods 

The provitamins D, especially 7-dehydTocholeBterol, are so important 
commercially that much ^ort has been applied to improving the original 
synthesis" and to devising new procedures for dehydrogenating common 
sterols. WindauB and Schenck” patrated the original procedure as apidied 
te cholesterol, sitosterol, and stigmasterol and c^ered zirconium and mag- 
aeshim alcdfiolates as alternatives to aluminum isopropylate for the re- 

\**T, O. McDonald, J. Biol. Chem. U4, Proe. Ixv (1936). 

W. Grab, Hoppe-8etfkr*$ Z. phytiol. Chem. MS, 63 (1936). 

; ;* B. Fonliols and W. li. Ruigh, J, Am. Chem. 8oe. 63 , 1167 (1941). 

«* W. L. Ruigh, J. Am. Chem. 8oe. 64, 1900 (1943). 

" A. Windaus and F. Sehenck, n. 8. Pat. 2,098,984 (1937). 
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duolion of the keto to l^e hydroj^r sterols. They also obtaiaed a pmdtu^ 
patent” cm 7-hydro:grcholesterol. Barr e< al.” made T-hydnn^xshdestend 
by oxidizing cholesteryl hydrogen phthalate with permanganate. Hatte- . 
wood” found that better yields of the monobenzoate of the dehydro sterols 
were obtained when the dibenzoate of the 7-hydroxy sterols Aras treated 
with boiling dimethylaniline instead of being heated dry in vacuo. Rosen- 
berg” patented the use of organic bases in general for this purpose. Winter- 
Steiner and Ruigh” discovered that the dibenzoate, when treated at rocaa 
temperature with sodium methylate in methanol, undergoes an unexpected 
partial hydrolysis, the acyl group at position 3 being removed, while the 
acyl group at position 7 remains. The resulting 7-monobenzoate of the 
hydroxy sterol can then be heated in dimethylaniline to give the deored 
7-dehydro sterol in superior yield and purity. 

Wintersteineri* made 7-hydroxy sterols by treating stabilized colloidal 
solutions of the original sterol with molecular oxygen, and Winterstmnor 
and Bergstrdm” obtained good yields of 7-ketocholesterol and 7-hydrQxy- 
cholesterol by this means. Kr&mli” prepared 7-ketocholesteiyl acetate by 
anodic oxidation, reduced it to 7-hydroxycholesterol with sodium methylate 
in methanol-benzene, and dehydrated the product to 7-dehydrocholesterol 
by boiling with concentrated oxalic acid solution. The dehydration pro- 
cedure was admittedly open to improvement, and the product was not wdl 
characterized. Horvith and Krdr^^* obtained, among other products, 7- 
dehydrocholesterol from cholesterol by the action of Azotobaeter and** a 
good yield of 7-hydroxycholesterol by the action of ProacUnomycea reseus. 

Milas and Heggie*^ have patented the dehydrogenation of cholesterol and 
cdmilar sterols by treatment with a wide variety of agents. Their exami^ 
were confined to cholesteryl acetate, which they dehydrogenated with qui- 
none, chloranil, sulfur, diphenyl sulfide, benzaldehyde, methylene blue iU’ 
the presence of light, and the succinodehydrogenase of be^ heart. Their 
best example (with quinone) showed a yield of 20% of provitanun. Mazaa 

" A. WindauB and F. Sohenck, U. S. Pat. 2,098,986 (1937). 

« T. Barr, I. M. HeUbron, E. G. Pwry, and F. S. Spring, /, Chen. Sot. 1983, 1437. 
” Q. A. D. Haalewood, J. Chm.. Sot. 1988, 224; Bioehen. J. 88. 454 (1930) . 

” H. R. RosenbOTg, U. 8. Pat. 2,200,934 (194D). 

” O. Wintersteiner and W. L. Ruigh, J. Am. Chem, Sot. 84, 1177 (19^); U. 8. Pat. . 
2,411,177 (Xm). 

»• 0. Wlntwntoiner, U. S. Pat. 2,400,380 (1946). 

” 0. Winterateiner and S. BergatiOm, J. Biol. Chem. 187, 786 (1941); S. BeitpMm 
and 0. Winteratdner, ibid. 141, 697 (1041); 146, 309, 327 (19^). 

» A. KribnU, Afvk. Biol. Ruap. 17, 337, 343 (1947). 

” J. Horvdth and A. KrimU, Mature 180, 639 0947). 

•* A. Krdadi and 3. Horvdth, Nobwrt 111. 619 (1948); 188, 219 (1940). 

N. A. lifilaa and R. Heggto, J. Am. Chm. Boo. 80, 964 (1938) ; U. S. Pat. 

(1941). 
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and Migliardi^ dehydrogenated cholesteryl acetate with quinone in boiling 
acetic acid during exposure to filtered light (to activate the quinone) and 
obtained a yield of 7-dehydrochoIesterol amounting to 30 %. made the 
provitamin by heating cholesteryl acetate with ordinary quinone and sev- 
eral homologs and analogs thereof. 

A new semisynthesis of provitamin D, based on the selective bromination 
of sterols at position 7 by means of N-bromosuccinimide, has been described 
by Henbest et cd.,** Bide et andBuismand al.** Cholesteryl acetate gives 
7-bromocholeBteryl acetate, and this, when heated in diethylaniline, spliM 
off hydrogen bromide, leaving 7-dehydrochole8teryl acetate, from whiqh 
tile free provitamin is obtained by saponification. Yields up to 30 % haw 
been claimed. Schaaf^’ has patented some technical details of the reactiom 
claiming yields up to 40 %. Redel and Gauthier** bring about the dehydro-\ 
bromination by heating with collidine, and Ruigh and Gould** use quinal- 
dine, which they claim gives 50 % better yields than diethylaniline. Schaaf’® 
effects a further improvement in srield by employing quinaldine diluted 
with aromatic hydrocarbons. 

C. THE PROVITAMINS D IN NATURE 
1. Isolation 

Only rarely does a provitamin D occur in such abundance, or so free 
from other sterols, that it can be obtained in fair purity simply by the 
recrystallization of unsaponifiable extracts. The exceptions are ergosterol 
in certain fungi, and the new provitamin D„ in the ribbed mussel. 
Modiolus?^ Usually it is necessary to employ special techniques, such as 
digitonin precipitation to concentrate the sterol fraction, esterification with 
suitable agents for the double purpase of protecting the provitamin from 
destruction and enhancing fractionation, and above all, chromatographic 
separation of the provitamin or its esters. Esterification with 3,5-dini- 
trobenzoyl chloride in pyridine is a characterization procedure borrowed 

•* F. P. Mazza and C. Migliardi, Quademi nutriz. 8, 86 (1941). 

*• P. P. T. Sah, Ree. trav. chim. 69. 454 (1940). 

•* H. B. Henbest, E. R. H. Jones, A. E. Bide, R. W. Peevers, jjid P. A. Wilkinson, 
Nature 168 , 169 (1946); E. R. H. Jones and R. W. Peevers, British Pat. 574,432 
a946). 

•* A. E. Bide, H. B. Henbest, E. R. H. Jones, R. W. Peevers, and P. A. Wilkinson, 
/. Ckem. Soe. 1948 , 1783. 

•* J. A. K. Buisman, W. Stevens, and J. vanderVliet,iZee. trav. chim. 88 , 83 (1947). 

K. H. Schaaf, U. 8. Pat. 2,542,291 (1951). 

*• if. Redel and B. Gauthier, BiiU. toe. chim. France 16 , 607 (1948). 

•• W. h. Ruigh and D. H. Gould, U. 8. Pat. 2,546,787 (1951). 

*»K. H. Schaaf, U. 8. Pat. 2,646,788 (19611. 

» H. G, Petering and J. Waddell, J. Biol. Chem. 191, 766 (1961). 
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TABLE 11 

OcCTTBBENCIi OF THE PROVITAMINS D IN P1.A.NT8 AND AnIMALB* 


Source 

Provitamin D, parts per 
thousand of total sterol 

Phanerogams 

Cottonseed oil 

28* 

Rye grass 

15 

Scopolia root 

14 

Spinach 

10 

Wheat germ oil 

10* 

Cocksfoot grass 

8 

Horse chestnut 

8 

Rutabaga 

2.8 

Carrot 

1.7 

Bean 

1.0 

Cabbage 

0.5 

Cryptogams 

Mold, Aspergillus niger 

= 1000 

Mushroom, Cortinellus shiitake 

dfclOOO 

Ergot, Claviceps purpurea 

900 

Yeast, Saceharomyces cerevisix 

800* 

Mold, PeniciUium puberulum 

Alga, seaweed, Fucus vesiculosus 

280 

0.8 

Vertebrates 

Skin, pig 

46* 

Skin, chicken feet 

25* 

Skin, rat 

19* 

Skin, wild pig 

16 

Skin, mouse 

9 

Skin, calf 

7 

Skin, human adult 

4.2 

Skin, human infant 

1.5 

Skin, cow 

1.8 

Skin, deer 

1.6 

Skin, eel 

1.2 

Skin, chicken trunk 

0.06* - 

Liver, tuna, Japanese 

11 

Liver, cod, Atlantic 

4.4 

Liver, shark 

1.0 

Liver, tuna 

1.0 

Liver, pig 

1.0 

Liver, cod, Japanese 

0.90 

Liver, halibut 

0.60* 

Liver, tuna, bluehn 

0.40 

Liver, whale 

0.12 

Brain, rabbit 

0.70 

Brain, lumpfish 

0.50 

Brain, human fetus 

0.50* 
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TABLE lI-^Cantiniied 

Source Provitamin D, parts per 

thousand of total sterol 

Vertebrates — Continued 

Brain, sheep q 

Brain, deer 

Brain, human infant 0 . 20 * 

Brain, horse q*29 

Brain, cow 0 13 * 

Brain, human adult o!o6* 

Eggs, duck, Chinese qq* 

Eggs, duck, Dutch 23 

Eggs, cod (roe) 5 5 

Eggs, herring (roe) 2.4* 

Eggs, hen 2 5* 

Eggs, cormorant 2.0 

Eggs, mire crow 2 !o 

Eggs, silver gull 2.0 

Eggs, lumpfish (roe) 0^3 

Body of frog g g 

Venom of toad ^ 

Wool fat, sheep 3 go 

Milk, cow 2 3 

Placenta, cow 2 is 

Pancreas, beef 2.8 

Blood serum, cow 2.5 

Spinal cord, beef 2 .*2 

Mice, gutted carcasses q gQ 

Colostrum, cow 0 *7 q 

Thymus, cow q’^q 

Bile, ox 0*50 

Herring oil 0*50 

Spleen, cow 0*45 

Milt, herring 0*40 

Heart, ealf 0132 

Lymph, dog 0 30 

Bats, gutted carcasses 0 30 

\ Qallstones, man _ 0*25* 

Lung, cidf 0;25 

Blood, dog 020 

' Btderotio aortas, man 

Poriferans 

: Ckmiinercial species of s^ 20 

'Clibaa oebUa, sponge <20 

Spieckupongia respana, loggerhead sponge <10 

'Balyekondria panicea^ sponge g 
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TABLE lh--€miinued 
Sooiee 


Provittmin D» ptrU per 
thoniand of total iterol 


Invertebrates— Continued 
Coelenterates 

Metridium dianthua^ sea clove 

Aciinoloba dianthm^ sea anemone 52* 

Actinia equina ^ sea anemone 60 

Urtidna crasaicomie, sea anemone 45 

Pennatula quadrangularia, sea pen 42 

Aleyonium digitatum^ sea finger 34 

Anemonia aulcata, sea anemone 17 

Commercial species of corals 10 

Australian species of sea anemones 0 

Unidentified species of sea anemones trace 

Bryosoan 

Fluaira aecurifrona^ sea mat 06* 

Annelids 

Tubifex (Sp.), waterworm 210* 

Lumhrictta ierreatria, earthworm 170* 

Arenieola marina, lugworm, sandworm 55* 

Hirudo medicinalia, leech 30* 

Nereia viriua, ragworm 10* 

Arthropods 

Ten^rio molitor, mealworm 120* 

Melolontha vulgaria, cockchafer grubs 89 

Oyronomua (Sp.)i goat 01 

Dytiacua marginalia, diving beetle 40 

Carauaiua tnoroatta, locust eggs 25 

Aleurobiua farinae, meal mite 26 

Eriochair air^enaia, wool hand crab 23* 

Blatta orientalia, cockroach 23 

^‘Kieferspinnerraupe,” pine caterpillar 22 

Cantharia veaicatoria, Spanish fly 22 

Cancer pagurua, common crab 16* 

Bombyx mori, silkworm eggs 8.0* 

Dap^nta (Sp.), waterflea 7.6 

Muaca domeatica, housefly 7.0 

Meloloniha vulgaria, cockchafer, May beetle 5.0 

Apia mellifica, honeybee 4.5 

Crungon vulgaria, shrimp 3 ,8* 

Munida bamfflea, crustacean 3.5 

Somarua vulgaria, lobster 2.6 

Mollusks 

Modiolus demiaaua, ribbed mussel 370* 

Afion mpirioorum, slug, red road snail 220*. 

Bueeinum undatum, whelk, wave hom snail 180* 

JMtorina littorea, periwlidde ^70* 

Arehidofia tubarculala, sea snail 150 
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TABLE II — Concluded 

Source 

Invertebrates — Continued 

Oairea (Sp.)i Australian oyster 
Arion (Sp.), black road snail 
Mytilus edulis, sea mussel 
Helix pomaiia, edible snail, vineyard snail 
Anodonta cygnea, swan mussel 
Ostrea virginica, oyster 
Pecten (Sp.), Australian scallop 
Mytilus planulaiuSy Australian mussel 
Cardium edule^ cockle, sand shell 
Cardium tenuicostatum ^ Australian cockle 
Ostrea edulis, oyster 
Idmax agrestis, earth snail 
Sepia (Sp.), cuttlefish, squid 
Echinoderms 

Astropecten irregularis ^ little sea aster 4.6 

Asteriobs ruhens^ starfish, big sea aster 3.8 

• Data from Windaus,®^ Gillam and Heilbron,®* van derVliet,®® and others. Figures 
marked (*) are the average of two or more determinations. 

from the organic chemists by Callow, who first applied it to vitamin D 
work in the isolation of calciferol from irradiated ergosterol. It has proved 
useful in the identification of both the vitamins and provitamins D, to which 
latter purpose it was first applied by Boer et Boer was also the first 
to adapt chromatography to the isolation of a provitamin D, and he gave 
a good working account of this procedure. 

The unsaponifiable fractions of the fats of nearly all plant and animal 
tissues (Table II) exhibit the provitamin D absorption spectrum, but the 
quantity of provitamin D present is usually so small that its isolation is a 
task of considerable magnitude.®^ Isolatioil has been achieved in only a few 
instances, leaving great territories unexplored. The following examples con- 
stitute most of the published work to date. ~ 

»* R. K. Callow, Chemistry at the Centenary (1931) Meeting of the British Associa- 
tion for the Advancement of Science, p. 149. Heffer, Cambridge, 1932. 

H A. G. Boer, E. H. Reerink, A. van Wijk, and J. van Niekerk, Proc, KoninTd, Akad. 
Weienachap. Amsterdam 89, 622 (1936) ; A. G. Boer, J. van Niekerk, E. H. Reerink, 
and A. van Wijk, Dutch Pat. ^46, 849 (1939). 

•♦A. Windaus, Nachr, Ges. W4$a. O&Uingenf Math, physik. Kl,^ Fachgruppe HI 
186 (1936). 

A. B. Gillam and I. M. Heilbron, Bioekem, J. 80, 1253 (1936). 

JT. van der Vliat, Chem, WeeMdad 89, 271 (1942). 

^ A/ Windaus and. Stange, HoppeSeylerU Z, physiol. Chem. 844 , 218 (1936). 


Provitamin D, parts per 
thousand of total sterol 


130 

120 

100 * 

97* 

80 

80 

65 

62* 

60 ^ 

41* 

34* 

32 

12 * 
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2. Ergosterol 

Tanret*® discovered ergosterol in ergot, and Gerard®® noted its occurrence 
generally in the fungi. Heiduschka and Lindner^®® compared the ergosterol 
content of ten fungi, including yeasts, finding from 0.29 to 1.17 % of ergos- 
terol in the dry substance. The ergosterol content of twenty-nine species 
and strains of yeast, grown under similar conditions, was determined spec- 
trographically by Bills et oZ.^®^ and found to vary from a trace to high as 
2.0% of the dry material. The ergosterol of commerce is obtained from 
baker’s yeast, i.e., strains of Saccharomyces cerevisiae grown in aerated wort. 
Part of the supply was formerly obtained from Aspergilltis niger,^^^ but this 
source has been abandoned in favor of yeast. Savard and Grant^®® cited 
previous studies on the occurrence of ergosterol in several species of PenidU 
Hum and isolated some ergosterol from the mycelium of P. notatum grown 
in submerged culture. Although available in quantity from the antibiotics 
industry, PenidlKum has not become a commercial source of ergosterol, 
because the yield is comparatively low. 

Windaus and Stange®^* ®^ isolated ergosterol from the sterol of hens’ eggs. 
Its presence there, in association with cholesterol, was surprising but ex- 
plainable on the basis that it had been transferred from the feed of the 
hens (cf. grass, grains, and earthworms, below). It is known^®^ that hens, 
unlike mice, rats, rabbits, or dogs, absorb small amounts of fed ergosterol. 
The finding of ergosterol in eggs does not preclude the possibility that other 
provitamins D were also present but less readily isolated by the chromato- 
graphic technique which was employed. 

Bock and Wetter^®® studied the sterols of the vineyard snail, Helix 
pomatia, the red road snail, or slug. Avion empiricorum, and the common 
earthworm, Luvnbricus terresiris. In these the major sterols were cholesterol 
and some phytosterol-like substances, but the only provitamin isolated 
from the mixtures was ergosterol. The coexistence of other provitamins was 
not precluded, and almost certainly others were present, for Boer ei aZ.^®®» *®’ 

•* C. Tanret, Ann. chim. et phys. Ser. 5, 17, 493 (1879); Compt. rend. 108, 98 (1889); 

Ann. chim. et phys. Ser. 6, 20, 289 (1890); Ser. 8, 15, 313 (1908). 

» £. G4rard, Compi. rend. 114, 1544 (1892); 121, 723 (1895); 128, 909 (1898); /. pharm. 

chim. Ser. 6 , 1, 601 (1895). 

A. Heiduschka and H. Lindner, Hoppe-SeylePs Z. physiol. Chem. 181, 15 (1929). 

C. E. Bills, O. N. Massengale, and P. S. Prickett, J. Biol. Chem. 87, 259 (1930). 

A. Zimmerli, U. S. Pat. 1,893,317 (1933). 

K. Savard and G. A. Grant, Science 104, 459 (1946). 

R. SchOnheiiner and H. Dam, Hoppe-Seylcr^s Z. physiol. Chem. 211, 241 (1932); 

W. Menschick and I. H. Page, ibid. 211, 246 (1932) . 

F. Bock and F. Wetter, Hoppe-Seyler*s Z. physiol. Chem. 256, 33 (1938). 

A. G, Boer, J. van Nielterk, E. H. Reerink, and A. van Wijk, U. S. Pat. 2,18MZi^ 

(1939). 

A. G. Boer, J. van Niekerk, E. H. Reerink, and A. van Wijk, U. S. Pat. 2,266,874 

(1941). 
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have ascribed to the “spectroscopically pure” provitamin of earthworms 
idrysical constants different from those of ei^osterol and have furtlier de- 
scribed tlie earthworm provitamins as a “chicken provitamin D.” Indeed, 
van der Vliet** ascribes to earthworm provitamin D, activated, an efficacy 
ratio of 100. 

PoUfud^'*’ found ergosterol in cocksfoot grass, and Windaus and Bock 
identified it in wheat germ oil,**** cottonseed oil, and scopolia root sterols.'*^ 
Hie 7-dehydro derivatives of sitosterol, stigmasterol and campesterol, whicffi 
might have been expected in these sources, were not found and, in facjt, 
have never been found in nature. 

The foregoing chemical studies are supported and extended by chick-ra^ 
assays on irradiated vegetable materials. Thus Bethke et a2.*“ found tiielov 
efficacy ratio characteristic of irradiated ergosterol in irradiated specimens^ 
of cottonseed oil, wheat middlings, and alfalfa leaf, as well as in yeast and 
Aspergillus. Haman and Steenbock“‘ found the low ratios in irradiated 
coconut, peanut, and wheat germ oils, and Black and Sassaman“* got simi- 
lar results with alfalfa unsaponifiables and maize oil phytosterol. Koch and 
Koch,*** however, reported that irradiated maize oil phytosterol showed a 
s(Hnewhat higher efficacy ratio than irradiated ergosterol. On the whole, it 
appears that, with one exception, no provitamin D but ergosterol has yet 
been identified in the vegetable kingdom. The exception is 22-dihydroei%os- 
terol, which Santos Ruiz*** has separated chromatographically from the 
minor sterols of ergot. 


3. 7-DEHTDBOCHOIiBSTEROL 

In only three instances has 7-dehydrocholesterol been isolated from a 
natural source. Boer ei al." obUuned it from a sample of duck egg cholesterol 
contmning 4.5 % d provitamin D. That ducks’ should contain a differ- 

^t provitamin D from hens’ eggs is remarkable and doubtless reflects a 
difference in diet, peihaps a predtuninantly fish diet in the case of the ducks. 
Windaus and Bock*** isolat^ 7-dehydrocholesterol from pigskin, and Bock 
and Wetter**** obtuned it from the wave horn mail, or whelk, Bweinim 
irndat/um. It is noteworthy that this snail yidded 7-{iehydrocholestm>l, 
whereas the two other snails studied by the same investigators gave ergos- 
tewd. 

M A, poQard, Bioekem. J. 90 , 382 a336). 

***A. WiadsuB and F. Bock, HeppeSsyler's Z. physiol. Chem. 266, 47 (1038). 

W* A. Wmdam and F. Bock, HoppS’Seyler’s Z. physiol. Chem, 860, 268 (1037). 
4W.'R,M. Bethke, P. R. Record, and O'. H. M. Wilder, J. Biol. Chem. 118, 231 (1036). 
S, W. Tfaman and H. Steenbock, /. Biol. Chem. 114, 606 (1038). 

Bfaidc and H. L. Sasaaman, Am. J. Pkarm. 106, 237 (1036). 

V* E. M. Koch and F. C. Koch, J. Biol. Chem. Ui, 767 (1036). 

A. Santos Rnlz, Analee reel aead. farm. 1, 2(H (1041). 

**^ A. WladMia and F. Book, BoppeSeykr’e Z. pkffeUi. Cham. 816, 188 (1037). 
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It is assumed, (m tiie basis tiS chick-rat assays, that the provitamin D in 
the cholesterol of all mammalian sources is T-d^ydrochdestm^. Com- 
mercial cholesterol, such as was used in Wadddl’s work,** comes from the 
spinal cords of cattle. Bethke et found that activated sam(rfes of butter, 
lard, and brain exhibit the same high efficacy ratio as cod Uver oil or ir- 
radiated ordinary cholesterol. Haman and Steenbock’** reported hifffi 
efficacy ratios for irradiated lard and chicken fat. 

4. Provitamins D of Invbrtbbbatbs 

The phenomenal abundance of provitamin D in the sterols of the inverte- 
brates has been demonstrated by a number of workers,"- **-**• 
whose findings are included in Table II. In several instances provitamins 
have been isolated, which, although “pure” by spectrographic tests, do 
not correspond in other properties to any known form pf provitamin D. 
Some of these have considerable commercial, as well as theoretical, impor- 
tance. 

Four provitamins were described in the patents of Boer et oZ.*®*- 
The one from the earthworm, Lumbricus ierrestria, has already been dis- 
cussed and shown to be a mixture of ergosterol with at least one other, 
unidentified, provitamin. The one from the waterworm, Tubifex, has not 
been further investigated chemically, but in view of the findings on LurrM- 
cue it seems unlikely that it is a single substance. In biological tests** it has 
been found to have an efficacy ratio of 100 when activated. The one from 
the common sea mollusk, Mylilus edulis, has been reinvestigated by van 
der Vliet,*® who considers it to be a mixture of three main components, 
7-dehydrocholesterol, ergosterol, and a provitamin tentatively identified as 
22-dehydro-7-dehydrocholesterol (i.e., A‘’*-®®-choleetatriene-3-ol). These 
sterols were not isolated, but their presence indicated indirectly by fractioo- 
ations, degradations, and efficacy ratios. The presence of ergosterol could 
account for the somewhat low efficacy ratio of 71 % reported**® for the 
mixture. It has been su^ested that the provitamin D of the periwinkle, 
LiUorina littorea, may be impure 7-dehydrocliona8terol.“* After irradiation 
it is sud** to eihibit an efficacy ratio of 100%. Such effectiveness seems 
inconsistent with the presence of an ethyl group in the i^e chain. 

Van der Vliet®* has determined the chick-rat efficacy ratios of several 
other invertebrate provitamins D which have not been ex a min ed 

A, G. Boer, J. van Niekerk, E. H. Reerink, and A. van Wijk, U. S. Pat. 2,214,719 

(1940). 

“• P. Fuitl, AuHralUm J. Exptl. Biol. Med. 8ei. 20, 56 (1642). 

»»• W. S. CWoott, J. Waddell, and H. R. Rosenberg, U. S. Pat. 2,383,44ft a»45). 

»*• A. R. Rosenberg and 3. Waddell, J. Biel. Chm. IM, 767 (1961). , 

**» H. •Rosenberg, U. S. Pat. 2,476,917 (1949). 

«*» C. A. Bind and 8. 0. Herman, J. Org. Chm. tS, 867 (1948). 
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chemically. After irradiation, the provitamins of the mealworm, Tenebrio 
molitor^ the sea mussel, Myiilus edidis, the starfish, Asterias rubens^ and 
the sponge, Halychmdria panicea, exhibited efficacy ratios of about 100 %, 
which indicates the absence of much ergosterol. But the activated pro- 
vitamin of the leech, Hirudo medicindlis, showed only 65 % effectiveness, ' 
and that of the crab, Cancer paguruSf only 10 %. These must have contained 
ergosterol, or some other provitamin of low efficacy ratio. 

The richest of all known animal sources of provitamin D is the ribbed 
mussel, Modiolus in which the provitamin content 

amounts to from 35 % to 50 % of the total sterol. The crude provitaimn 
appears to be a mixture of provitamins D, according to Rosenberg and 
Waddell, who noted differences in chick-rat efficacy ratios of specimens 
made from mussels from different environments. From the crude sterols 
Petering andWaddell isolated a provitamin which they tentatively called 
provitamin Dm (m for Modiolus), This appears to be a single substance, with 
29 carbon atoms, which in the activated form exhibits an efficacy ratio 
10 % to 20 % higher than cod liver oil.'^® 

5. Biogenesis 

Plants differ from animals in having no mechanism for the translocation 
of lipoids. Therefore, in plants, the provitamin D, like all sterols, must origi- 
nate and accumulate in the cells where it is found, whereas in animals its 
origin may be remote from the site of accumulation. 

In plants ergosterol is the predominant provitamin D. In some of the 
lower species it comprises up to 95 % of the total sterol, and hence it would 
seem to be a primary metabolic product. Sumi^^* observed that the forma- 
tion of ergosterol in the mushroom, Cortinellus shiitjakey can occur at any 
stage of the life cycle, and that the percentage of ergosterol steadily rises 
as the plant grows older. 

It would seem that in plants ergosterol is synthesized from simple com- 
pounds of carbon. Thus ergosterol has been produced in Penicillium glaucum 
from sucrose and tartaric acid,^^^ in Mucor mucedo fromiactose,'*® in Peni- 
dUium puberulumy^^^ Aspergillus fischeriy^” and many other fungi^** from dex- 
trose as the carbon sources. 

M. Sumi, Set, Papers Inst, Phys. Chem, Research Tokyo, 80, 254 (1933). 

E. Gerard, Compt. rend, 114 , 1644 (1892). 

E. Gdrard, Compt, rend, 181 , 723 (18^); /. pharm, chim, 8er, 6, 1 , 601 (1895). 
w J. H. Birkinshasv, R. K. Callow, and C. P. Pischmann, Biochem. J. 86, 1977 (1931). 

Pruess, W. H. Peterson, and E. B. Fred, Biol, Chem. 97, 483 (1932). 

ti. M. PreusB, W. H. Peterson, H. Steenbock, and E. B. Fred, J. Biol. Chm» 80 , 

369 (1931). 
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Massengale et demonstrated that the yeast Saccharomyces cerevmae 
elaborated widely different amounts of ergosterol, according to the sugar 
which supplied the carbon to the basal medium. This work contributes one 
of the few bits of information available on the mechanism of sterol forma- 
tion. Seven fermentable sugars were used, with the finding that di- and 
trihexoses occasioned the synthesis of greater amounts of ergosterol than 
did the monohexoses (singly or in admixture) into which they are hydro- 
lyzed. The amounts of ergosterol produced bore no relation to the protein 
or fat content of the yeast cells. It is a reasonable inference, therefore, 
that the monohexoses which are split from the higher sugars by the yeast 
enzymes exist at the instant of cleavage in forms particularly suitable for 
synthesis into sterol. According to this concept, ergosterol is primarily a 
product of carbohydrate metabolism. 

In this connection, an experiment by Maclean and Hoffert^*® is significant. 
It was found that the presence of sulfite in the sugar solution in which the 
yeast was incubated resulted in a marked decrease in ergosterol production 
but in little or no interference with the elaboration of fatty acid. The 
argument was advanced that in the formation of sterol, but not of fatty 
acid, an aldehyde removable by sulfite comes into the picture between the 
hexose and the final product. The action of the sulfite might have been 
better explained as that of an oxygen remover. Actually, the production 
of ergosterol is enhanced by the presence of oxygen carriers such as methy- 
lene blue and various inorganic per-salts.^®^ 

Halden and his associates,^®* who maintain that there is a biogenetic 
relationship between fats and sterols, have succeeded in increasing the 
ergosterol production of yeast ten- to fortyfold by keeping it in a state of 
semidehydration and supplying alcohol and air. Under these conditions the 
normal processes of budding and fermenting are repressed, while the pro- 
duction of fat and sterol, especially the latter, is augmented to an extraor- 
dinary degree. Halden’s papers contain a valuable review of ergosterol 
production in yeast. 

In the higher plants even less is known about the origin of the ubiquitous 
ergosterol. Heilbron and Sexton^®® suggested that it arises from the simul« 
taneous oxidation and reduction (dehydrogenation and hydrogenation) of 
sitosterol, which at the time (1929) was believed to have 27 carbon atoms, 
the same as ergosterol. This would relate the known wi^e occurrence of 

0. N. Massengale, C. £. Bills, and P. S. Prickett, J. Biol, Chem, 94, 213 (1031). 

1. Smedley Maclean and D. Hofiert, Biochem, J, 20, 343 (1026). 

W. G. Bennett, U. S. Pat. 2,050,080 (1036). 

W. Halden, Hoppe-8eyler*$ Z, physiol, Chem, 226, 240 (1034); Austrian Pat. 1^,190 

(1034); M. Sobotka, W. Halden, and F. Bilger, Hoppe-Seyler^s Z, physiol, Che%. 

284 , 1 (1036). 

^®® 1. M. HeUbron and W. A. Sexton, Nature 128 , 667 (1020). 
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dihydrositosterol and ergosterdl to Ihe commoaest vegetable sterol, but, 
unfortunately for this hypothesis, sitosterol and ergosterdl \ipere later found 
to contain 29 and 28 carbon atoms, respectively.’** If eigosterol is the 7-de- 
hydro derivative of anything, it would be of brassicasterd, but this sterol 
is much less widely distributed than sitosterol. Also, against the hypothesis 
of origin by oxidation-reduction is the fact that no provitamin except er- 
gosterol (and 22-dihydroergosterol) has been found in the vegetable king- 
dom. Until a better explanation is offered, it will have to suffice to remrd 
ergosterol as a primary metabolic product of the hi^er plants, as wel^.as 
oS the lower. 

In animals the provitamins D are partly absorbed from food and parUy 
formed within the body. The ergosterol in hens’ eggs is a clear example W 
an exogenous provitamin. The ergosterol of worms, snails, and bivalves ^ 
probably also derived from the food, but the 7-deh3rdrocholesterol of these 
species may be endogenous. In carnivorous and omnivorous animals it is 
probable that some of the 7-dehydrochole8terol is absorbed along with the 
cholesterol of their prey. In a word, it appears that all ergosterol originates 
in plants, and all 7-dehydrochole8terol in animals; almost nothing is known 
about the origin of the still unidentified provitamins of the invertebrates. 

Herbivorous mammals, which nomudly never ingest cholesterol after’ 
weaning, and also the herbivorous lower animals, apparently must syn- 
thesize their 7-dehydrocholesterol as well as their cholesterol, and it is 
probable that all animals do this to some extent. It is not known whether 
total synthesis from simple compounds of carbon or partial synthesis from 
cholesterol takes place. There is no evidence of total synthesis other than 
the analogy of the well-established fact that animals synthesize cholesterol 
itself.” ■ “** 

There is considerable evidence that 7-dehydrocholesterol can be formed 
in vim hem cholesterol. Schoenheimer”* in 1931 applied Wieland’s ddiy- 
drogenation theory to the explanation of the ubiquitous occurrence of de- 
hydrocholesterol and dihydrocholesterol in cholesterol. According to this 
view, ddiydrogenation and hydrogenation of cholesterol occur simultane- 
ously as a general biolr^cal process in which cholesteroLfunctions as hydro- 
gen acceptor. (It is immaterifd that Sohoenheinwr spoke of ergosterol as 
the provitamin in this system, for at that tune ergosterol was thoui^t to 
have the same number of carbon atoms as cholesterol; his argument ap- 
equally well to 7-d^ydrochole8tm>l). In keeping with this thet^ 
' the dbservatimis that dehydrogenation of chdesterol can be brought 
.fieboiit viho ly an mzyme” and by bacterial action.^' The constant fmma- 

A. Winduis, F. von Werder, and B. Gaehuder, Bar. U, 1006 (1032). 

j;. Bloeh and D. Rittenberg, J. Biol, Chan. 146 . 626 (1942). 
tooe nh e lm e r, Bdenet 74 , 670 (1031). 
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tioa of traces of T-dehydroehdesterol by some sort of oxidation-reductaim 
Doschanism may also explain tiie report^ presence oi Ibe unstable provi> 
tamin D in rougUy normiU amount in the cholestercd frcan the brain ci a 
mummy 1400 years old.“* 

It may be that the biosynthesis of 7-dehydrocholesterol occurs in steps, 
ratber than as a dehydrogenation-hydrogenation reaction. Bergstrdm and 
'Wintersteiner'" have shown that position 7 in cholesterol is extremely sus- 
ceptible to attack by molecular oxygen. Haslewood^** and others have de- 
tected 74iydroxycholesterol in the animal body, and although this was 
possibly an artifact, the ease with which it is formed from cholesterol in 
stabilized colloidal solutions points to a possible route of synthesis, since 
only the dehydration step is needed to convert it to 7-dehydrocholester(d. 
7-Ketochole8tero], which precedes 7-hydroxychoIeBterol in the laboratmy 
synthesis, has also been found in the animal body.**’^' 

Whatever the reactions involved, the fact of conversion of cholesterol 
to 7-dehydrocholesterol appears to be established by the experiments of 
Scott et These workers found provitamin D in tire lining of the small 
intestine of guinea pig, rat, and ox in amounts as large or larger than in 
the skin, usually regarded as the site of the greatest concentration. It per- 
tisted in the gut wall despite fasting for 24 hours or the feeding of a low- 
sterol diet. When spectroscopically pure cholesterol was fed to fasted guinea 
pigs the amount of provitamin in the small intestine increased during the 
period of absorption but returned to normal when absorption was 
completed. Since during the same cycle the amount of provitamin in the 
liver increased progressively, it follows that the provitamin was formed in 
the gut wall and stored in the liver. The concentration of provitamin was 
greatest in the duodenum and was associated largely with the mucosa and 
lamina propria. 

Pmrtialiy supporting this work is a note by Rosenberg,*** who found, in 
clama feeding on algae a much hi|^er concentration of provitamin in the 
viscera than in the body. The kind of provitamin was not determined, but 
the efficacy ratio was the same for the visceral as for the body material, and 
it was much higher than would be expected of a vegetable source. It wouM 
seem timt in these elwma provitamin D was being elaborated in the gut widl, 
from nutrients in the process of absorption, but whetiier tiie synthesis was 
a total (me or merely a dehydrogenaticm is not clear. 

*•* H. iOag, 0. Roaenheiin, and T. A. Webster, BiotJtem. J . SS, 186 (1828). 

*** S. BorgsMm and 0. Wintersteiner, J. Bid. Chem. 141, 887 (1841). 

Q. A. D. Hadewood, Bioehsm. J. 88, 708 (1838); Woture 184, 28 0844). 

V. Prdog, t. Rusioka, and P. Stein, H»h). Chim. Ada 26. 2222 (1848). 

*« hi. Seott, J. Olover, and R. A. Morton, Wofnre 168, 830 (18«). 

*« % R. Romberg. Natun 164. 788 0848). 
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D. THE VITAMINS D 
1. Occurrence and Origin 

In contrast to the almost universal occurrence of provitamin D, vita- 
min D itself is very limited in its distribution.*^^ the vegetable kingdom 
it is especially rare and hever found in high concentration. Occasional 
specimens of coconut oil show antiricketic activity, but the potency here 
is not natural; it is man-made in the primitive process of drying the copra 
under the sun. It is historically interesting to note that what was probably 
the first therapeutic use of an irradiated material was made a century ago 
by Thompson, who, writing on the anemia of tuberculosis, stated tkat 
‘‘the use of almond-oil and of olive-oil was not followed by any remedial 
effect, but from cocoa-nut oil results were obtained almost as decided 
from the oil of the liver of the Cod . . 

Yeast normally never contains vitamin D, but it can be activated to a 
potency of 10,000 I.U. per gram by exposing it in powdered form to sun- 
light under controlled conditions.*^^ Clover hay when cured in the dark is 
inactive, but when cured in the sun it acquires a slight antiricketic activ- 
ity.*^® Cocoa shell, as obtained from fermented beans dried in the sun, ha&| 
been reported to contain 28 I.U. of vitamin D per gram, part of which may 
have originated in the surface fungi known to be present.**® The antiricketic 
activity of ergot***^ is probably due to something other than vitamin D, 
because the active substance cannot he extracted from the unsaponifiable 
fraction with petroleum ether. 

Marine vegetation being the ultimate food of fishes, much interest at- 
taches to the possible occurrence of vitamin D in the plant life of the ocean.® 
Leigh-Clare**® observed that the marine diatom, Nitzschia closierium^ fails 
toeffect any genesis of vitamin D, when cultured under conditions of maxi- 
mum insolation. Drummond and Gunther**® found little or no vitamin D 
in mixed phytoplankton taken from the ocean. Johnson and Levring*®® 

E. P. Daniel and H. E. Munsell, U. S, Dept. Agr. Misc. PM. 276 (1937); L. E. 

Booher, E. R. Hortzler, and E. M. Hewston, Vitamin Values of Foods. Chemical 

^PublisMng Co., Brooklyn, 1942. 

1** T. Thompson, Proc. Roy. Soc. {London) 7, 41 (1864). 

0. N, Massengale, C. E. Bills, and P. S. Prickett, J. Biol. Chem. 94, 213 (1931); 

C. E. Bills, U. 8. Pat. 1,877,382 (1932). 

*<* H. Steenbock, E. B. Hart, C. A. Elvehjem, and S. W. F. Kletzien, J. Biol. Chem. 96 , 

425 (1925). 

w* A. W. B^app and K. H. Coward, Analyst 69, 474 (1934). 

, E. Mellanby, E. Surie, and D. C. Harrison, Biochem. J. 28, 710 (1929). 

J. L. Leigh-Clare, Bioehem. J. 21 , 368 (1927). 

1. C. pnimmond and E. R. Gunther, Nature 126 , 398 (1930); J. ExpU. Biot. 11 , 

m (1034). 

N. G. 3fohn«on and T. Levring, Bvenska Hydrograf.-BioL Komm. Skrifter^ Ser. 3, 

t No. 8, 7 pp. (1947) IC. A. 45 , 236 (1961)). 
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found no vitamin D in two species of higher algae, Enteromorpha intesH- 
nalis and Laminaria satxharvm^ but in Fucub vesicidoms they reported 
slight activity. They found provitamin D, but no vitamin D, in phytoplank- 
ton oil. 

Darby and Clarke^^^ investigated the floating brown alga, Sargassum, in 
the area of its origin near the Tortugas Islands. Here in clear water under 
the tropical sun enormous quantities of the weed develop. Masses of it 
break away and drift into the Gulf Stream, in which it floats as far as Ice- 
land. As it drifts along it becomes heavily infested with mollusks, shrimps, 
and other invertebrates, and thus indirectly it is a major food of fish. 
Sargassum free of foreign matter contains about 3 % of oil on the dry basis, 
and this oil was reported to have an antiricketic potency of the same order 
as some of the poorer fish liver oils. 

An especially interesting example of the natural occurrence of vitamin 
D in the vegetable kingdom is found in the work of Scheunert et with 
edible mushrooms. Four species were studied, and they showed a vitamin 
D content of 0.21 to 1.25 1.U. per gram when grown in the absence of strong 
light. One species, the common Agaricus campestris, exhibited 0.21 1.U. per 
gram when grown in a cellar, and three times as much when grown in a 
meadow where light presumably was a factor. In these ergosterol-rich 
plants, a minute fraction of the provitamin apparently is activated with- 
out the agency of light. 

There is no evidence that vitamin D plays any role in plant physiology, 
and it is not difficult to understand w^hy it is seldom found in live plant 
tissues. The low^er, non-pigmented, non-photosynthesizing plants, which 
contain much ergosterol, thrive in dark places and perish in the light. The 
higher plants, containing relatively little provitamin, possess pigments 
which presumably filter out the activating rays at the short end of the 
solar spectrum. Even if the vitamin could be formed in the superficial 
layers, plants could not store it, unprovided as they are with any system 
for the translocation of lipoids. 

In the animal kingdom vitamin D is less rare than in plants, but it is 
abundant only in certain fishes. In mammals it is found principally in the 
milk and liver, and in birds in the liver and egg yolks.^*^ These foods contain . 
from a fraction of a unit to several units per gram — only enough to make 
them marginal sources of vitamin D for hiunan nutrition. The amount can 
be substantially increased by irradiating the animals or adding vitamin 
D to their food.^^ 

The fact that mammals and birds are subject to rickets is proof that they 
cannotsynthesize vitamin D. Except for occasional amounts gained by eating^ 

Darby^and H. T. Clarke, iScicnce 65, 318 (1937). 

A. Scheunert, M. Schieblich, and J. Eeschke, Hoppe-fiegler^s Z, physioh Chem. 635, 

91 (1986). 
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such foods as fish and eggs, the vitamin must normally be obtained by ex* 
posure of the body surface to the sun (the “sunshine vitamin”). Since 
sunshine is variable, botii daily and seasonally, the amounts obtained 
by insolation vary widely. The body has two mechaniiwnH for adjustm^it 
to the variable supply. Excess vitamin D is stored, principally in the liver, 
where it may be held and released over long periods of time. This is tire 
basis of the “Stosstherapie” method of preventing rickets in children, 
which consists in administering massive doses of vitamin D at interval^ of 
several months.^"* Prolonged insolation results in tanning, a process of 
temporary pigmentation which presumably has the effect of filtering Aut 
the activating rays received in superabimdance. It is well known twt 
Negroes and other dark-skinned people are more susceptible to rickets thw 
white people, and this difference appears to be due at least in part to pig- 
mentation.“‘* **• The picturesque suggestion has been made that in h uman 
evolution vitamin D played a role in the appearance of blonde races in the 
cold countries, where they have an advantage over dark races in the ab- 
sorption of the limited srmlight. 

That man and animals are well adapted to a variable supply of vitamin 
D is clearly shown in the phenomenally wide margiu which exists betweec^ 
the therapeutic and the toxic doses of this substance.'* For rats, doses 1000 
times the antiricketic dose, administered daily for months, are just per- 
ceptibly harmful, and much larger single doses can be tolerated. For man, 
;the margin appears to be somewhat less, but still enormous. Probably no 
other potent therapeutic agent exhibits such a wide mai^ of safety, but 
if it were not wide, animal life could not have survived the fluctuations in 
solar activity and vitamin D formation to which it has always been sub- 
jected in nature. 

The formati<Hi of vitamin D on the body surface has been thoroughly 
studied. Sun^iine, like fish dl, is an old remedy for rickets. In 1919 Huld- 
sehinsky"*' clearly demonstrated, by means of radiographs, the healing ac- 
ti<ni of sunlight and of the lig^t from the quartz mercury arc. Hess ef of.'** 
determined that the effective wavelengths of li^t are the shorter ultnt- 
vidlet waves of the solar spectrum, or the still shorter waves of artificid 

Q. O. Hamitpp, Wim. Min. WoOuehr. fiS, 698 (1940). 

«* H. Ufladker, Z. Kinderheilk. «7, 360 (1949). 

<*** A. F. Hess, Rickets, Osteomalaeia and Tetany, p. 92. Lea uid Febiger, Phila- 
,, deipbia, 19^. 

i**M. M. Eliot and E. A. Park, tn Brennemann’s Practice of Pediatrics, Vol. ,1, 

. CSbi^terM, pp. 3, 12. W. F. Prior Co., Bagarstown, Md., 1948. 

!Ki. Buldsohinsigr, Deut. med. Wo^uehr. 45, 712 (1919); Z. mthopOd. Ckir. 58, 426 

'-(W.- • 

F. Hess, A. M. Pappenbdmer, and M. Weinstook, Proe. 8oe, ExpA. Biol. 

14 (1922). 
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sources. Goldblatt and Soames^*^ discovered that the livm of irradiated 
rats, when fed to non-irradiated rats, convey some of the virtue of irradia- 
tion to the animals which eat them. Hess el al} found that lanolin, the fat 
of wool, is activatable, and Hess and Weinstock^^ discovered that skin 
itself becomes antiricketic upon irradiation and that irradiated cholesterol 
is effective when administered subcutaneously. 

Rekling^®® found that irradiation did not protect rats from rickets when 
they were prevented from licking their fur. Hou and Tso*®^ found that the 
skin of normal rabbits was slightly antiricketic, the dorsal skin more so than 
tibe ventral, but that the skin of rickety rabbits or of normal rabbits reared 
indoors was without protective action. Hou^®* noted that the effectiveness 
of ultraviolet irradiation for curing rickets in rabbits was almost lost when 
the skin had been previously washed with ether. Rowan^®® observed that 
birds of prey on a meat diet developed rickets, and that the addition of 
feathers to the diet supplied protection. He suggested that the preen gland 
is concerned with the formation of vitamin D. Hou^®^ made an elaborate 
study of the formation of vitamin D in birds. In brief, his findings were as 
follows. Birds differ from mammals in having only one gland of a sebaceous 
nature. This is the glandula uropygialiSf or preen gland. Preen gland oil 
contains provitamin D, which birds, by preening, distribute over their 
feathers and effectively expose to sunlight. The vitamin D is either in- 
gested by swallowing the feathers, or absorbed by the skin from the 
feathers. The feathers and skin of normal birds were shown to be anti- 
ricketic, but in rickety birds, or birds whose preen glands had been removed, 
the feathers and skin had little, if any, antiricketic action. Removal of the 
preen gland made the birds susceptible to rickets, and rickety birds without 
the gland were not benefited by exposure to ultraviolet radiation or sun- 
diine. 

Thus Hou^®® was led to see that “ . . . vitamin D or its precursor is princi- 
pally derived from the oil secretion mther than from the diet. This may be 
more or less true for all birds. For although nocturnal birds, and t^'^car- 
nivorous animals which prey upon other forms of leather and fur,’ may 
derive their vitamin D supply mainly from their victims, yet the source of 
the vitamin in the prey would appear to lie in the oil secretion. This may 
explain the absence of oil gland in some species of birds . . . and the necessity 
of adding rabbits or small birds with the fur or feather intact, to the diet 

H. Ooldblatt and K. M. Soames, Biochem* J. 17, 446 (1023). 

RekUng, SirahlmlheTapie 85, 566 (1927), 

fl. C. Hou and E. Tso, Chinese J, Physiol 4 , 93 (1930). 

C. Hou, Chinese J, Physiol 4 , 345 (1930). 

Rowan, Nuture 181, 823 (1928). , : 

% C. Hou, Qhinese Physiol 8 , 345 (1928); 8 . 171 (1929) ; 4 , 79 (i930) ; 1 , 11 (1981). 

H. C. Hou, Physiol, 8» 171 (19^). 
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of young carnivora in captivity to ensure their successful development . . • 
Further, it is commonly known that if herbivora, e.g., horses, are scrubbed 
thoroughly with soap and water, they do not thrive. It may thus be inferred 
that the sebaceous secretion of the preen gland of birds ... is an important 
source of vitamin D in the mammal.” 

Hou^®® found that rickety chickens with preen glands removed could be 
cured by irradiating the feet, even though irradiation of the body or of the 
head was ineffective. In this case the substance activated was obvioi^y 
neither preen gland oil nor circulating blood, but something in the tissues 
of the feet which was directly absorbed. 

Evidence enough has been presented to show that the higher animals ob- 
tain vitamin D in at least three ways, the relative importance of whic 
must vary with the habits, requirements, and opportunities: (1) by eating 
such foods as eggs, fish, whole furred or feathered animals, and insolated 
dead vegetable tissues; (2) by ingesting insolated sebaceous matter in the 
process of neatening the body — Clicking and preening; and (3) by directly 
absorbing the products of insolation formed on or in the skin. 

The occurrence of vitamin D in fishes is a phenomenon of great biochemi- 
cal, as well as practical, interest. Nearly all fish oils contain vitamin D,i 
but the amount varies prodigiously with the species (Table III) and other 
factors. Both free and esterified forms are present.®®’ ^®® 

The principal fat storage depots of fish are the muscle tissue and the 
liver. Some fat is also found in the viscera and head. Species which store 
much oil in the muscle, such as salmon, have small livers which contain 
little oil. Species which store little oil in the muscle, such as cod, have large 
livers which contain much oil. The amount of oil which is stored in muscle 
or liver depends on the abundance of food and the demands of spawning 
The occurrence of vitamin D in fish body oils was first noted by Bills*^® 
in experiments with commercial menhaden oil. In most physicochemical 
characteristics the liver and body oils of a given species are similar, but the 
comflS^ration of vitamin D is generally higher in the liver oil. In some 
species, such as the tunas, the liver oil may contain several thousand times 

C. Hou, Chinese J. Physiol. 6, 11 (1931), 

0. E. Bills, F. G. McDonald, 0. N. Massengale, M. Imboden, H. Hall, W. D. Her- 
gert, and J. C. Wallenmeyer, J, Biol. Chem. 109 , Proc. vii (1935). 

D. S. Jordan, B. W. Evermann, and H. W. Clark, Check List of the FishOs and 
Fishlike Vertebrates of North and Middle America North of the Northern Bound- 
ary of Venezuela and Columbia. Report of the U. S. Commissioner of Fisheries 
, / for the Fiscal Year 1928 with Appendixes, Part 2. Gov't Printing Office, Washing- 
‘ , ton, 1930. 

C,,D. Hickman, Ind. Eng. Chem. 29 , 1107 (1937); K, C. D. Hickman and E. li. 
Ckay, ihid. 80 , 796 (1938). 

0. E. Bills, Studies on the Antiricketic Vitamin: Dissertation. Johns Hopkins 
pj^ess, Baltimore, 1924. 
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TABLE III 

Distribution of Vitamins D and A in the Liver Oils of 100 Species of Fish* 


Common name of fish 

Scientific name 

Zoological order 

VitemluD, 

I.TJ./g. 

Vitamis A, 
1.0./*. 

Oriental tuna* 

Thunnua orientalia 

Percomorphi 

45,000 

170,000 

Frigate mackerel* 

Auxia tfuuari 

Percomorphi 

44,000 

30,000 

California bluefin tuna* 

Thunnua aaliena 

Percomorphi 

42,000 

65,000 

Striped tuna* 

Kaiawoontta pelamia 

Percomorphi 

42,000 

36,000 

Meji tuna* 

Paraihunnua aOn 

Peroomorphi 

30,000 

22,000 

Bonito* 

Soria Uneolata 

Percomorphi 

36,000 

57,000 

Yellowtadl* 

Seriola doraalia 

Peroomorphi 

25,000 

67,000 

Red snapper 

Lutianua campeehanua 

Percomorphi 

22,000 

61,000 

Atlantic tuna 

Thunnua aecundodoraalia 

Percomorphi 

16,000 

80,000 

Albaoore* 

Thunnua germo 

Peroomorphi 

13,000 

12.000 

Yellowfin tuna* 

Naoihunnua macropterua 

Percomorphi 

12,000 

35,000 

White Bea>bas8* 

Cynoacion nebUia 

Percomorphi 

11,000 

92,000 

Jewfish* 

Stereolepia gigaa 

Percomorphi 

9,000 

600.000 

Ishinagi* 

Slereolepia iahinagi 

Peroomorphi 

7,000 

500,000 

Swordfish* 

Xiphiua gladiua 

Peroomorphi 

7,000 

130,000 

Black perch 

Smbiotoca jackaoni 

Holconoti 

7,000 

6,000 

Broadfin sole 

Lepiiopaelta hilineata 

Heterosomata 

6,800 

13,000 

Oriental mackerel* 

Scomber japonicua 

Percomorphi 

6,300 

59,000 

Corsiur rockfish 

Selaaiomua roaaeeua 

Cataphracti 

5,800 

75,000 

Mackerel scads 

Decapturua muroetdat 

Peroomorphi 

5,800 

5,900 

Grouper 

' Bpinephalua maria 

Peroomorphi 

4,800 

24.000 

Barracuda* 

Sphyrmna argentea 

Percomorphi 

4,700 

67,000 

Starry rockfish 

Sebaatomua conatellatua 

Cataphracti 

4,500 

89,000 

Yellowtail rockfish 

Sebaatoaomua fiavidua 

Cataphracti 

4,000 

82,000 

Red rockfish | 

Roatebla miniatua 

Cataphracti 

2,600 

14,000 

Totuava* i 

Eriacum macdonaldi 

Percomorphi 

2,500 

190,000 

.Tack smelt 

Alherinopaia ealifomienaia 

Peroomorphi 

2,400 

96,000 

Spearfish* 

Mahaira mitaukurii 

Percomorphi 

2,300 

120,000 

Bastard halibut* 

PoralicMhya califomicua 

Heterosomata 

2,300 

69,000 

Sardine (pilchard) 

Sardinia caerulea 

Isospondyli 

2,300 

16,000 

Rockfish 

Pteropodua vexillaria 

Cataphracti 

2,200 

49,000 

Red rockfish 

Saba^pyr rvbarrimua 

Cataphracti 

2,100 

100,000 

Snoek* 

ThyriaUa aJlun 

Percomorphi 

2,000 

23,000 

Booaocio 

Sahaaiodea paucuptntf 

Cataphracti 

1,800 

77,000 

Yettowbaoked rockfish 

Pteropodua maliger 

Cataphracti 

1,800 

82.000 

Faeific hake 

hferlfteeiua productua 

Anacanthini 

1,500 

50,000 

Black rockfish 

Sobaatoaomua mg^ntu 

Cataphracti 

1,500 

87,000 

China rockfish 

Pteropodua nebtdoaua 

Cataphracti 

1,400 

110,000 

Fringe sole 

PaetlielUhya mdanoaiictua 

Heterceoxnata 

1,400 

10,000 

Halibnt* 

Hippogloaaua hippogloaaua 

Heterosomata 

1,200 

75,000 

Shad 

Aloaa aopidiaaima 

Isospondyli 

1,200 

17,000 

Striped bass 

Roceua aaxatHia 

Peroomorphi 

1,200 

4,600 

Orange rockfish 

Roaiobla pinniger 

Cataphracti 

1,100 

86,000 

Green spotted rockfish 

Sebaatomua ehloroaHetua 

Cataphracti 

1,100 

47,000 

Rockfish 

Aevtomentum antomelaa 

Cataphracti 

1,100 

8,000 

Wall*eyed perch 

ffyperproapon argenteua 

Holconoti 

1,100 

3,500 

Rabbitfish 

Cycliehtkya aeho^ (f) 

Plectonathi 

1,100 

2,200 

Starry flounder 

Platichthya atelkUua 

Heterosomata 

1,000 

8.200 

Striped rockfish 

Hiapaniaeua elongatua 

Cataphracti 

990 

74,000 

Ainame 

Haxagrammoa otakaii 

Cataphracti 

950 

3.900 

Lingood* 

Ophiodan dongatua 

CataphraoU 

920 

160.000 

Striped peich 

Tmtueiaealateralie 

Holconoti 

900 


Rubberlip perch 

Rhacockilua toeotaa 

Holconoti 

890 

9, MU 

Rockfish, blaok baas 

Sibaetoaemw melanopa 

Cataphracti 

8S0 

19,009 

Spanish flag rockfish 

ffiapanieoua rubrvnnctua 

Cataphracti 

810 

32.000 
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TABLE 111— Concluded 


Common name of fish 

j 

Scientific name 

Zoological order 

Vitamin D. 
I.U./g. 

Vitamin fi 
itr./g. 

Boston mackerel 

Scomber ccombrue 

Peroomorphi 

750 

81,000 

California mackerel* 

Pneumatophorut dieoo 

Pereomorphi 

730 

45,000 

Pufferfieh 

SphcsroHee maeukUua 

Plectonathi 

570 

1.500 

Cabeion 

ScorpmnichihyB marmoratue 

Cataphracti 

630 

15,000 

Bound-noee sole* 

Eopeetta jordani 

Heterosomata 

520 

76 . 000 i 

Nibe 

Seimna mittukurii 

Peroomorphi 

600 

5,400 

Pacific white perch 

Pkanerodon /ureatw 

Holoonoti 

460 

6 . 400 l 

Fork-tail perch 

Damaliehlkpi argyrotomtu 

Holoonoti 

410 

! 2 . 700 \ 

Black cod* 

Anoidopoma fimbria 

Cataphracti 

310 

42,000 ' 

Chili-pepper 

Stdiaatodea goodei 

Cataphracti 

270 

150,000 

C»brai«* 

Epinephelui anaiUtgue 

Peroomorphi 

260 

160,000 

Newfoundland turbot 

ReinhardtiuB hippogloMoidm 

Heterosomata 

260 

7,000 

Pacific cod* 

QadoM macroeephalua 

Anacanthini 

190 

4.800 

Atlantic salmon 

Salmo talar 

Isospondyli 

180 

12,000 

Rock cod 

Sabatttdbbue alaeeanua 

Cataphracti 

150 

6,400 

Bex sole 

Erret taehirtt* 

Heterosomata 

140 

8,200 

Pointed sole 

Paropbryt vetulue 

Heterosomata 

140 

6,100 

Soulpin 

Seorpmna guttata 

Cataphracti 

140 

3,000 

Band dab 

Cithariehthys Boriida 

Heterosomata 

120 

3,700 

Atlantie hake* 

Urophycu (Sp.) 

Anacanthini 

120 

2,300 

California turbot 

PleuronichthyB deeurrena 

Heterosomata 

no 

8,200 

Henuke* 

Sebaaiodei baramanuke 

Cataphracti 

100 

120.000 

Atlantic cod* 

Oadua morrbua 

Anacanthini 

100 

1,400 

Yellow sole 

Paeudopleuroneciea dignobaia 

Heterosomata 

87 

17.000 

Widowfiah 

Aculomentum ovals 

Cataphracti 

82 

73,000 

Tinker mackerel 

Pneumatophorua great 

Peroomorphi 

77 

9,300 

AtlanUo pollack* 

Pbttaehiua virana 

Anacanthini 

70 

2,800 

Pacific pollack* 

Tkeragra ehalcogramma 

Anacanthini 

57 

8,800 

Bbeepshead 

Pimahmetopon pulcker 

Pharyngognathi 

62 

6,600 

Califeroia flying fish 

Cypaelurua califomieua 

Bynentognathi ^ 

61 

35,000 

Corfaina 

1 Mantieirrkua vndulatue 

Peroomorphi 

51 

11,000 

Rosefish* 

SdbaaUa marinua 

Cataphra^i 

33 

26.000 

Common skate of California 

Rajainomaia 

Batoidei 

26 

9,800 

Abuimkarei 

ffipppgloaaoidaa dMua 

Heterosomata 

25 

5,100 

Big skate of California* 

Rajahinoetdata 

Batoidei 

24 

4.100 

KichBi 

Sdbaetoldhua maerochvr 

Cataphracti 

22 

4,900 

WtdiBsh 

Anarbiehaa lupus 

Jugulares 

19 

1.800 

Pnclfie dogfish* 

Squalua aucUeyi 

Teetoepondyli 

13 

13,000 

Bamekarm 

Clidoderma aaparrimum 

Heterosomata 

12 

4,900 

. Thresher shwk 

Algpiaa vulpinua 

Euselaehii 

9 

2,400 

Bsskiiig shark 

Catorhinva maatimm 

Euselacbii 

6 

<100 

AtUmtio dogfish 

Bgttolus oosiUkiM j 

Teetospondyli 

3 

1,700 

^Rstfiiih 

HyiroUiigua obUiti 

ChinuBFoidei — 

2 

180 

^'H'.OrJsysde 

fNsuneon 

Qlyptoeeplulua eynegloaaua 

Heterosomata 

<2 

8,000 

Aeipmmr fvXmeena 

Olaniostomi 

<1 

000 


« f^fom BUb U with reviwons; nomenobiture from Jor^ui ff wherever pomible. The fpedee 
^Mtthed (*) we re p i re eented by more then one Bwey. 

much vitamin D p«r gram as the body dl. Diffeimt species chow 
l^araoces in tim phymoochemical constants ol the dl, but these diffeimmes 
BO clue as to the amount d vitamin D in the dl or how it got ttoe.. 
vitamin D values ^ven in Table m represent avmage figorea fdr 
important spedes, and occanonal figures few the leas oemutton dne^ 






n. tmmmBX 


.’Within any species, however, great variations in potency are noted whni ' 
the oils of individual livers are assayed. el al,^^ found that the vituxon 
.-]> potency of the oils from individual cod livers varies inversely with the 
oil content, and as much as 1000 times. Similar inverse ratios were noted 
for haddock and pollack. 

Bills ^ investigated the commercial halibut catch of Seattle at 
weekly intervals. In January the oil content of the pooled livers was at 
the lowest point, 12%, and the vitamin D content of the liver oil 
was highest, 1400 I.U. per gram. In August the oil content reached ita 
hipest point, 25%, and the vitamin D potency was lowest, 900 I.U. par 
gram. Thus, although the decline in vitamin D potency was a little less 
than can be accounted for by dilution with inactive new oil, it was about 
what one would expect from dilution with oil containing a little vitamin D, 
Nevertheless this explanation is not wholly satisfactory, for it was noted 
that the vitamin A content of the liver oil varied with the vitamin D con* 
tent, but several times more widely. It declined from 240,000 I.U. per 
gram in January to 35,000 in August, thus reaching a low point which was 
much lower than could have resulted merely from dilution. It is possible, 
of course, that the two vitamins are so different in origin and metabolism 
that comparisons have no significance. 

Pugsley”* observed that the content of both vitamins D and A in the 
liver oil and intestinal oil of the Alaska cod, Gadus macrocephalua, varied 
inversely with the fatness of the livers. Pugsley el found that the vi- 
tamins D and A of the liver oil of the AUantic cod, Gadue morrhua, 
varied inversely with the oil content, but remained constant when figured 
as units per gram of body weight for fich of a given age group. Howevo', 
the vitamin content of the liver oil increased with the age of the fish in yetaa. 
Bailey'^* reported that the vitamin D potency of commercial pilchard oil, 
made from the whole fish including stomach contents, varied inversdy 
with the oil yield, and Pugdey^” noted that the inverse relationship held 
fcHT both vitamins D and A in this species. 

Hess ef of.”* reported that the milt and roe of cod and other species con- 
tun vi tamin D, but the fry were “practically devoid of this factor, which 
evidently had been used up in the course of the development of the larvae.” 
Thus it Appears that fish begin life with UtUe vitamin D, and as they grow 

A. F. Hew, C. £. Bills, and £. M. HoneyweU, J. Am. Med. Aeaoe. n, 226 

G. £. Bills, M. Imboden, and J. C. Wallenmeyer, J. Biol. Chem. 166, Proe. x <1034). 

I. Pugsley, J. Fieheriei RmartA Board Can. 4 , 405 (1089). 

li, I. Pugsley, C. A. Morrell, and J. T. KeUy, Can. /. ReeearOi nS. 243 (1045). 
>»B. E. Bailey, BtoJ. Board Can. Poei^ Progr. RepU. », 11 (1835). 

»*A. F. HeU, C. £. Bills, M. Wdnstook, E. HoneysreU, and H. Kivkin, Proe. 3^' 
BM. Med. tt, 652 (1928). » ’ ' 
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up they somehow accumulate it, at times losing part of their supply for 
spawning, but on balance always gaining more. 

The function of the vitamin D in fish is unknown. If it is related to bone 
calcification, the questions remain why different species require widely 
differ^t amounts of it, and why most species store much greater quantities ‘ 
than do the marine mammals, such as seals and whales, which consume 
them. Several investigators'” have associated a low vitamin D content in 
the liver oil with imperfect bone formation in the so-called cartilagin<ms 
fishes — elasmobranchs and cyclostomes — ^including representative shar«, 
deafish, skates, rays, chimeras, and lampreys. It is well established that m 
these species the liver oil seldom contains as much as 100 I.U. of vitamm 
D per gram, and usually much less. Examples are given in Table III 
It is evident, however, that some cartilaginous fishes store more vitamii^ 
D than some fishes with hard bones; also that sturgeons, which are usually 
classified as true fishes in spite of their skeletal softness, have the lowest 
vitamin D content of all. 

The studies on the cartilaginous fishes marked the first correlation be- 
tween zoological classification and vitamin D content. They were followed 
by the work of Bills et who made a taxonomic study of the distribution 
of vitamins D and A in 100 species of fish (Table III). This work revealed 
that several fishes of the order Percomorphi exhibit extraordinary concen- 
trations of vitamin D in their livers (tunas, basses, and swordfish). On the 
other hand, livers of fishes of the order Heterosomata, which includes the 
halibuts, flounders, and other flatfish, were comparatively poor in vitamin 
D, though rich in vitamin A. Livers of fishes of the order Cataphracti, the 
rockfishes, were better than average sources of both vitamins. 

After Massengale and Nussmeier^* in 1980 demonstrated that irradiated 
ergosterol is less ^ective than cod liver oil, per rat unit for chicks, many 
writers, especially in the medical field, were given to distinguishing the two 
forms as “synthetic” and “natural.” The implication was that the natural 
vitamin D of fish oils was a sin^e definite substance. That this is not so 
was first shown in 1934 by Bills ef of.”' who found that a specimen of bluefin 
tuna Uver oil exhibited a chick-rat efficacy ratio fA about 15, whereas the 
ratio for cod liver oil was 100 and that for irradiated ergosterol was X. 
(The tuna species was described as Thmnus thynnus, the designation some- 

El. PouIsBos, StraklenAerapie Si, 64S (1929); S. Schmidt -Nielsen and S. Schmidt- 
. Nidsen, Boppe-Seyhr’s Z. physiol. Chem. 189, 229 (1930); R. K. Callow and C. F. 

' ' Fischmann, Biochem. J. 26, 1464 (1931) ; E. Andri and R. Lecoq, Compt. rend. IM, 

912 (1932). 

>^ C. E. Bills, F. G. McDonald, 0. N. Massengale, M. Rnboden, H. Hall, W. D. 
j^Hergert, and J. C. Wallenmeyer, d. Biol. Chem. 109, Proc. vii (1936). 

Bills, 0. N. Massengale, and M. Imboden, Science 80, 6W (1934). 
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times applied to all bluefiiis; tiiis was later conected*^' to T. aalims, tibe 
California bluefin, in accordance with the Jordan classification^*^ 

Confirmation of this work appeared in the studies of Haman and Steen- 
bock^** and Black and Sassaman.*’* It was shown*** that a commercial, 
mixed-species tuna liver oil was “somewhat less effective” on chickens, 
per rat unit, than other oils which were compared. Repeated trials*** with 
three Japanese species of tuna (bluefin, striped, and yellowfin) showed that 
the liver oils were only from 40 % to 63 % as effective, rat unit for rat unit, 
as cod liver oil on chickens. Bills et extended the work with the oils 
of twenty-five species of fish. They found conspicuously low efficacy ratios 
for albacore, striped tuna, totuava, and California bonito, as well as for 
the original California bluefin tuna. Several other species, especially white 
sea bass and Pacific dogfish, appeared to have efficacy ratios that were 
distinctly above par. 

It is true, nevertheless, that most fish oils have an efficacy ratio of around 
100, the value characteristic of cod liver oil and activated 7-dehydrocholes- 
terol (vitamin Dj). Thus sardine (pilchard) body oil, which Bills ***• in 
1927 found similar to cod liver oil in assays with rats, has for many years 
been successfully used in poultry raising. Ry^*** could recognize no signifi- 
cant differences in the efficacy ratios of the liver oils of seventeen species of 
fish. Haman and Steenbock*** found that sardine body oil, halibut liver oil, 
and burbot liver oil had about the same efficacy ratio as cod liver oil. Black 
and Sassaman*** found that the liver oils of cod, halibut, swordfish, and 
Japanese mackerel were about the same in efficacy ratios. In the work of 
Rygh*** and especially of Dols,*** the vitamin D of tuna liver oil was found to 
have the same efficacy ratio as cod liver oil ; the tuna was the European blue- 
fin, Thunnua thynnua, a species distinct from the California and Japanese 
forms. 

The fact that cod liver oil and many other fish oils exhibit the efficacy 
ratio of vitamin Di is no proof that this is the one and only form of vitanun 
D which these oils contain. It is possible that other forms are present which 
are i^ually effective for rats and chicks, or that fonns of higher and lower 
efficacy ratio are present in admixture. Hickman and Gray*** utilized the 
technique of molecular distillation in an investigation of the vitamin D cff 
several fish mis. They found at the outset that about 70% of the vitamin 
D of cod liver oil occurs as esters, and so it was necessary to cmiduct the 
short path distillations with saponified material. Cod liver oil exhibited a 
complex elimination curve indicative of two major, two minor, and two 

*** C. £. Bills, O. N. Massengale, M. Imboden, and H. Hall, J. Nutrition 1S« 435 <1937) . 
“*•0. E. Bills, J. Biol. Chem. W, 761 (1927). 

•« 0. Bygh, Nature 136. 662 (1935). 

“* M. J. L. dels, Z. Vilaminfor^. 6, 161 (1936). 
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trace forms of vitamin D. The vitamin D (rf tuna liver oil was so un8tiU>le 
that good curves could not be obtained. White sea bass livor oil gave an 
unusually pure curve, indicative of a preponderance of one form d vitamin 
D. Spearfish liver oil gave a fairly good curve, with a somewhat hi^r . 
elimination maximum, suggesting a vitamin D of higher molecular weight. 
Albacore liver oil had chiefly one form of vitamin D, with lesser amounts of 
hi(^er and lower boiling forms. The most volatile vitamin D of cod liver 
oil was one of the minor forms, and this, when assayed^ with r^ts 
.and chicks, exhibited an efficacy ratio of between 25% and 50%. I 

In two instances the vitamin D of fl^ oils has been isolated. The vitamm 
D from halibut liver oil*^ was identified as vitamin D*, and that from turn 
liver oil*** was vitamin Dj with an admixture of vitamin D*. It is therefore 
established, by efficacy ratio studies, by molecular distillation, and by 
actual isolation, that more than one kind of vitamin D occurs in fish oils, and 
it seems probable that several kinds may be present. Whether or not the 
oil of any given species always contains the same kind or mixture is not 
known, but it would be reasonable to assume that some qualitative varia- 
tion, as well as quantitative, occurs as a result of differences in food and 
other environmental factors. 

little but conjecture can be written about the origin of vitamin D in 
fi^ oils. Steenbock and Black,* in one of their early papers on the activation 
of foods, emphasized the suggestion that vitamin D is formed by the inso- 
lation of plankton, which is ingested by little fish, and these in turn by 
larger fish, and so on. So far as green phytoplankton is concerned, this 
hypothesis has received no experimental support, but the discovery of vi- 
tamin D in tire brown alga, Sargaamm, renews interest in it.*** Furthermore, 
since ergosterol is a vegetable sterol, it seems more likely than not that 
the activated ergosterol (vitamin Ds) found in tuna liver oil originated in 
tire vegetable kindgom, although it could be that the ergosterol was ab- 
s<Hi)ed as such and activated in a mollusk or fish. On tiie other hand, the 
activated 7-dehydrocholesterol (vitamin Dt) which was the ordy form rf 
vitamin D identified in halibut liver oil and the predomirutnt one in tuna 
liyear oil, almost certainly originated in an animal, because cholesterol is 
pey^ found in the vegetable kindgom. 

. Marme animal life other tlian fiidr does not erdiibit much vitamin D. 
.lAcupsinoiid and Gunther*** found a small amount in zooplankton oil. Belloc 
yS^al.*** found tliat zooplanktcm collected in the spring contained proyita- 

■1^ d E. Bills, O. N. Massengale, K. C. D. Hickman, and E. L. Gray, J. Biol. Chem. 

116,241 (1938). 

*■* H. Broctoann, Hopp^-8eyler*t Z. phyaiol. Chem. 246, 96 (1937). 

♦•* H. Brockmann and A, Busse, Natunoiioentdiaften, 26, 122 {IViSyiHoppe-SogUr't 

Z. jd^ystoi. Ckem. 256, 262 (1988). 

■*** Q, Belloc, R. E^bte, and H. Bimonnet, Cempt, rond. Itl, 160 (1960). 
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mia D but no vitamin D, whereas that tairen in midstuamer dtowed bo& \ 
provitamin and vitmnin. Their data are interesting in view of the July 
duu^ in vertical distribution of zooplankton described by Bussell.**^ C<^ 
ping*" demonstrated the presence of miall amounts of vitamin D in c(q>e> 
pods collected in summer. Of the larger marine invertebrates, it may be 
noted that the body oil of squid, showed about 6 1.U. of vitamin D pergiam 
in a test reported by Bills."** 

Clear sea water is sufficiently transparent for the activating rays d ^ 
sun to reach a depth of about one meter."* - "* It is therefore possible, and 
in view of Belloc’s work even probable, that in the smaller zoophmkton 
where the body area is large in relation to the volume, some vitamin D is 
formed by insolation. It is unlikely that any significant amount of vitanun 
D is formed by the insolation of fish or of the larger invertebrates, for most 
of these species do not inhabit the top meter of the sea. The basking dutrk, 
Cetorhinus tnaximus, is an exception in that it basks for hours at the sur- 
face, feeding on little fish and plankton; yet its liver oil is poor in vitamin 
D, even for an elasmobranch.*** The common goldfish, Carassius aurc^ua, 
which feeds in shallow pools, accumulates hardly a trace of vitamin D in 
its body oil."** River catfish, IcUUurus puncUUua, when experimentally ir- 
radiated, proved very sensitive to ultraviolet rays, but even after many ex- 
posures did not accumulate more vitamin D than catfish not irradiated."** 

The suggestion that vitamin D may be synthesized by fish was first made 
by Bills**** in 1927. He observed that during the first four weeks of the" 
summer fattening season the cod of the Newfoundland shore fisheries 
gorged tbemselves on a little fish called capelin, Mdttolus vUlosws, and that 
during this rime the oil content of their livers doubled without diminuriion 
of vitamin D potency. It was roughly estimated that the capdin eaten 
could not account for all the vitamin D accumulated, and the balance was 
attributed to synthesis. In view of the later work oi Pugsley and others, 
the origmal premises may have been faulty, in that they did not contan- 
plate the possibility that the cod population may have involved different 

F. S. Russell, Nature IM. 472 (1030). 

*" A. M. Copping, Bioehem, J. S8, 1519 (1034). 

u*W. R. 0. Atkins and H. H. Poole, Frans. Roy. Soc. (London) BStt. 129 (1933); 
H. H. Darby, £. R. F. Johnson, and G. W. Barnes, Carnegie Inst. TFosh. JPshl. 
m, 191 (1937). 

***N. O. Jerlov, Nature 196 , 111 (1960). Jerlov’s claim that effeetive radiati^ 
penetrate to a depth of 20 meters was based on the use of lid^t filters eenttting 
<Hi 810 mu. One suspects that the radiations detected at tUs depth leiseiietrted 
leakagB at the Icntg wave side of the pass band. 

*** 8. Sohmidt-Nielsen and 8. Schmidt-Nielsen, Soppe~8eyler*e E. dim. 

1^ 228 (1980}. 

**** G. S. J^lli, uapublished observation. 
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age groups. But the work did inspire further attempts to demonstrate the 
^thesis of vitamin D under controlled conditions. 

Qj]][gi 80 a young catfish in darkened aquaria for six months on a diet 
of veal muscle, which contained no detectable amount of vitamin D. At 
the end of this period the fish had doubled in weight, and their visceral oil 
deposits had increased. The visceral oil of these fish contained at least as 
much vitamin D per gram as the oil of fish assayed at the beginning. Al- 
though this experiment was not conclusive, it strongly suggested that sji 
thesis had occurred. Hess et tried to demonstrate synthesis by allov 
cod livers to digest with added ergosterol, but the findings were negative 
In another experiment, captive codfish were given ergosterol by mouthi 
and also intramuscularly, but there was no indication that any of it was\ 
converted to vitamin D. 

Fish feed extensively on mollusks, such as whelk, and thereby ingest 
quantities of various provitamins D, yet the chief sterol of fish is cholesterol 
containing only the traces of provitamin which are characteristic of the 
higher animals. To associate the ingestion of much provitamin D with the 
accumulation of much vitamin D implies a synthesis, for which there is 
considerable evidence but as yet no proof. An up-to-date version of the 
experiments of Hess and Bills would comprise the digesting of 7-dehydro- 
cholesterol with the intestinal tissue or with the enzyme-rich pyloric cecum 
of species known to be good accumulators of vitamin D, such as the tunas. 

2, Isolation from Natural Sources 

Isolation of vitamin D is a task beset with difficulties. In the first place, 
the amount of vitamin D present, even in such rich sources as fish oils, is 
small. Assuming that the vitamin D of cod liver oil has the same potency 
as vitamin D^, it can be figured that a ton of oil contains only 2 or 3 g. of 
vitamin. But this vitamin, according to the evidence of molecular distilla- 
tions,^®® exists in several forms. Furthermore, when taken out of its protect- 
ing esters and oily vehicle, it is unstable. It is thus understandable that 
vitamin D has only once been obtained in the crystalline state from a 
natural source. ~ -- 

The ciystalline preparation was isolated from tuna liver oil by Brockman 
and Busse,^®® The procedure, in brief, -iconsisted in the following steps: (1) 
saponification and separation of the unsaponifiable fraction of the oil; (2) 
{M^al separation of vitamin D from vitamin A by partitioning between 

A. F. Hess, C, E. Bills, M. Weinstock, and M. Imboden, Proc. Boc» Exptl. Biol, 
1227 (1932). 

^ A, H. Cooke, in Cambridge Natural History, Vol. 3, p. 59. Macmillan, London, 
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9** H. Brockmann, Hoppe-Seyler^a Z. physiol, Chm- 841, 104 (1936)^ H. Broelqnann 

0M A. Bttsse, ibid. 849, 176 (1937). 
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hydrocarbons and alcohols, (3) chromatographic adsorption on alumina gel, 
aided at certain stages by an indicator dye, (4) removal of sterols by crys- 
tallization from methanol and precipitation with digitonin, ( 5 ) esterifica- 
tion to the 3,5-dinitrobenzoate, ( 6 ) chromatographic purification of the 
crude esters, (7) recrystallization of esters, ( 8 ) saponification of purified 
ester to free vitamin, and (9) crystallization of the free vitamin. 

The product thus obtained consisted of vitamin Dj with an admixture 
of vitamin D 2 to the extent of about 10 %. Previously Brockmann had 
made from tuna liver oiP®^ and halibut liver preparations of vitamin 
D which were crystallized as dinitrobenzoates but not as free vitamin. They 
were regarded at the time as pure vitamin D 3 esters, but in the light of the 
later work they must be considered as somewhat less than pure. However, 
in view of the known high efficacy ratio of halibut liver oil, it seems unlikely 
that any vitamin D 2 was present in this preparation. Zucker et 
obtained the vitamin D of tuna liver oil in the form of its 3,5-dinitroben- 
zoate and allophanate, and that of cod liver oil as allophanate. Apparently 
these products were about three-quarters pure. Haslewood and Drum- 
mond^^ also have worked with tuna liver oil, obtaining the allophanate of 
the vitamin in semipure condition. 

In the isolation techniques the importance of the exclusion of air is 
emphasized, even of air dissolved in solvents. Oxygen-free nitrogen and 
carbon dioxide gases are used to replace air in apparatus and liquids. 
Numerous modifications of the procedure of isolation described above are 
possible. Alternative methods of removing vitamin A from vitamin D in- 
clude the reacting of the vitamin A with maleic anhydride.^** Presumably, 
citraconic anhydride would react similarly.^®® An alternative method of 
separating vitamin D from hydrocarbon oils is to esterify the vitamin D 
with phthalic anhydride, leaving the hydrocarbons behind.^®* An alternative 
method of purifying vitamin D by adsorption consists in the use of tri- 
calcium phosphate instead of alumina gel.*®® 

3. Physics op Activation 

Since the absorption spectra of the several provitamins D are almost 
identical in shape and position and not much different in height, it will 

£. J. H. Simons and T. F. Zucker, J. Am. Chem, Soc. 68» 2685 (1936) . 
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euffice to dlow the absorption spectrum of ergosterol (Fig. 8). The location 
of the maxiina at 262, 271, 282, and 293.5 n^i are based on recent det»- 
minations with the Beckman epectrophotometer, and they are probably 
a bit more accurate than earlier data obtained photographically. The 
absmption minima at 263, 277, and 289.6 mju are also tiiown in the figure. 



Wbvttenglh, miilimlcroni 

Fig. 8. Absorption spectrum of ergosterol in alcohol 1:50|000 w,/v. Ergosterol 
monohydrate recrystallized from alcohol-benzene 2:1. (Courtesy of the Sulphite 
Bulp Manufacturers’ Research League.) 

Oih^ maadma, ^tectable in more concentrated solutions, will be discussed 
Intiie section on the chranistry of acthmtion. 

The wavdengths which affect ergosterd must be among those which it 
'ahsoihs. hk'gOBterol absorbs strongly from 300 ma to 230 m/t in tiie far 
i^iuitHmotet re^on, but H exhibits .some absorption beyond these limits in 
)ibbth di>d:tions. The shortest df^tive wavelength has not been ascertained, ■ 
it is known that 230 nn* activates erp>sterol readily."* Wavdengtiis 
'iil ioDg as 313 ma are known to activate ergosterol di^tiy*" and tide , 

Jim, H ull. Marshall and A. Knudson, J, Am. Chem. 8oe. fit, 3904 (1030). 
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wavelength also appears to be the upper limit for 7-dehydrocholesterol.*®*-*®* 
There is reason to telieve ihat still longer waves play a part in the decompo- 
sition of ergosterol and/or of its irradiation products.*®* The predominance 
of these longer waves may explain the relatively feeble effect of sunli^t 
in activation. White light in the presence of optical sensitizers produces 
chemical changes in ergosterol, such as peroxide and pinacol formation, but 
it does not produce vitamin D.*®^ 

Ergosterol in the form of vapor, spray, powder, or solution can be ac- 
tivated by a high-frequency oscillating discharge, with or without elec- 
trodes.*®*"*^® High-voltage direct current has also been claimed to be effec- 
tive.*®* Some activation is induced by cathode rays*®** *^®* and by radium 
emanation.*^^ X-rays apparently do not activate it.*^* 

In an early (1927) study of the disappearance of ergosterol during irra- 
diation m dilute solution, Morton et concluded that the time-disappear- 
ance curve is a straight line. They measured the disappearing ergosterol 
spectrographically and did not know at the time of the existence of the 
intermediate products of irradiation which contribute irrelevant absorption 
to the system. Bourdillon el measured the disappearance by digitonide 
precipitation and found that the rate slows down as the irradiation proceeds. 
The problem was finally resolved by Dasler*^* in 1938. He found that the 
time'^isappearance curve had the shape of a first-order curve. The reaction 
involving the disappearance was, however, apparently a zero-order reac- 
tion, because the half-life of the ergosterol was directly proportional to the 
initial ergosterol concentration. The first-order character of the curve was 
explained by the fact that increasing amounts of light were filtered out by 
the piling up of light-absorbing irradiation products. 

Before the structure of vitamin D was known, Pohl** suggested 

••• J. W. M. Bunker, R, 8. Harris, and L. M. Mosher, /. Am. Chem, 8oc, 62, 808 (19^). 
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activation may involve the addition of energy to the sterol molecule through 
an electron displacement. This is an oversimplification of what happens, 
although it is true that energy is required for the rupture of ring B with 
the formation of a fourth double bond for the vitamin molecule. 

Estimations of the energy requirements of activation have been made 
by several investigators, “*■*’*• most recently by Harris et dl?" The lat- 

ter workers*” found that 7.5 X 10” quanta were required to produce one 
U.S.P. imit of vitamin Dj from ergosterol. The U.S.P. unit official at the 
time (1938) was nominally identical with the international unit, but ex- 
perienced bioassayers were aware that the U.S.P. Reference Cod liver Ofl 
was weak in terms of the international standard. Arnold*** found the U.S.p\ 

, unit to be 20% weak (49.7 U.S.P.U. = 40 I.U.), a conclusion with which) 
the present author closely agrees. Nelson*** recognizes a deficiency of 6.6 %, \ 
but this probably refers to a later and improved batch of reference oil. 
Applying Arnold’s correction, one figures tWt 9.3 X 10” quanta are re- 
quired to produce one international unit of vitamin D 2 from ergosterol. 

Bunker et found no significant differences in quantiun efficiency for 
the wavelengths within the region where ergosterol absorbs strongly, but 
they got some slight evidence that wavelength 302.5 mu, which is near the 
edge of the region of absorption, is less efficient. Haman and Steenbock*'’* 
had earlier found that line 313, where absorption is still less, is distinctly 
less efficient. 

In the activation of the provitamin D of cholesterol, Hess and Anderson*** 
danonstrated as early as 1927 that the efficiency of line 313 is very low. 
Bunker et oZ.,*®* working with 7-dehydrocholesterol itself, observed no ac- 
tivation by line 313. They reported that wavelengths 248.3, 253.7, 265.2, 
280.4, and 302.5 m#» are substantially uniform per quantum of energy 
applied. But they claimed*®*’**® that line 296.7 is a little more efficient 
than the others, an observation which is difficult to reconcile with the fact 
^t the absorption spectra of 7-dehydrocholesterol and ergosterol are prac- 
tically identical. 

The production of vitamin D directly in animals by irradiation may be 
r^arded as a special instance of the activation of 7-dehydrocholesterol. It 
' is cmnplicated by the presence in the skin of substances exhibiting general 
absorption, a form of light-filtering which usually becomes more and more 
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manifest, the shorter the wavelength involved. Hence it is to be expected 
that the longer wavelengths in the critical region will e^diibit greater over-ali 
eflSciency than the shorter ones. This is borne out experimentally. Bunker 
and Harris^*^ found that line 296.7 was the most effective for producing 
vitamin D in depilated rats, Knudson and Benford^^® also used rats, but 
under the conditions of their experiment line 280.4 was the most eiEcient. 
The findings with animals represent a special situation, which has little 
bearing on the physics of activation in vitro. 

The uniformity in quantum efficiencies for the production of vitamin D 
is especially noteworthy, when it is considered that the conversion is hot 
a single step, but an over-all effect involving the production of several 
substances in succession, of which vitamin D is not the last (Fig. 9). No 
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Fiu. 9. Absorption spectra of ergosterol and its irradiation products. (After 
Windaus el af.“ and Velluz el of.”**) 

studies have been reported on the energy requirements of the intermediate 
reactions, but it is assumed that the requirements are less uniform than 
for the o\’er-all activation. 

Before the energy relations in activation were understood, the suggestifm 
•was occasionally advanced**^ • ***• that the yield of •vitamin D mi|^t. be 
improved by the use of filtered light or of light sources predominating in 
certain wavelengths. The goal was a light which would activate provitmnin 
D, but not destroy the vitamin D produced. Why this has never been 
reached is e^vident from the spectra in Fig. 9, which ^ow that ei^osterol 
and calciferol, as well as the intermediate products, absorb li^t over 
essentially the same range, 230 mp to 300 m^. There are, howe^ver, some 
differmices in the absorption maxima, which may account for the fact that 

L. Vellus, G. Amiard, and A. Petit, Bull, soe. ehim. Francs IjS, 601 (1949K‘’ 

•** Ti A. Webster and B. B. Bourdillon, Biochem, J. S8, 1^ (1928}. 

I. M. Heilbron, £. D. Katnm, and R. A. M<^n, Jie^we UO. «17 
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l&e composition of the crude irradbtion product varies with the wave- 
length used.^^ In particular, it has been demonstrated that long waves . 
favor the accumulation of lumisterol, and short waves of tachysterol, each 
at the expense of the other.®** 

The li^t sources used for irradiation are principally the quartz mercury 
arc and the cored carbon arc, carbons for the latter containing compounds 
of iron, magnesium, or other metals. A favorite experimental source in ihe 
early years was the magnesium spark.®** ®®*“®®® Light filters have not comfe 
into general use, but for special studies the Coming®* or Jena®®** *®*’ ®i® 
passes or Vitaglass*®** have been employed, or filter cells containing ben\ 
zene,®®’^’ ®®^ xylene,®®** ®*^-®** diphenyl,®*^ carbon disulfide,*** chlorine,*®** ®®n 
bromine,®** chlorine-bromine,®** ***• ®*® tartrazine,®** salicylic acid,®®* leadace-\ 
tate,*** potassium nitrate,*®’^ nickel sulfate,®*® or alcoholic cobalt chloride.*®* \ 
TTie temperature coefficient of activation is small. Bills and Brickwedde®** 
found that cholesterol containing 1.2 parts of provitamin D per 1000 was 
readily activated at — 183*^, although the product was somewhat less potent 
than the product of similar irradiation at room temperature. Webster and 
Bourdillon®®* irradiated ergosterol at temperatures between —195® and 
+78® and observed that the effect of temperature was only moderate. 
Knudson and Moore®^** noted that a ‘‘less potent product’’ was obtained 
when ergosterol was exposed to cathode rays at liquid air temperature 
than when the exposure was made at room temperature. These observations, 
made before the stmcture of vitamin D was known, pointed to the fact 
that activation is an intramolecular change, because bimolecular reactions 
are generally inhibited at very low temperatures. More recently Dasler®^* 
has stated that temperature has “no effect upon the time-disappearance 
curve of ergosterol nor upon the time-activation curve of ergosterol.” The 
&ct that activation is best conducted in boiling solvents is not contra- 

*•* E. H, Reerink and A. van Wijk, Biochem, J. 28, 1294 (1929); A. Windaus, Nachr, 
(hi. Wi$9, OdUingen, Math, phytik, Kl. 36 (1930); F. A. Askew, R. B. Bourdillon, 
M. Bruce, R. G. C. Jenkins, and T. A. Webster, Proc, Roy. Soe, (London) 

/ Bi07,91 (1930). 

. ^ P. Sets, Hoppe-Seyler*8 Z, physiol, Chem. 216, 183 (1933). .h 
•W E, H. Reerink and A. van Wijk, Biochm. J. 28, 1294 (1929). 

A, Windaus, Nachr, Ges. Wise, Qdttingeny Math, physik, Kl, 36 (1930). 

Smakula, Nachr, Oes, WiM. Gdttingen^ Math, physik, Kl, 49 (1928). 

A, Windaus, Deut, mod, Wochachr, 87, 678 (1931). 
iff Farbenindustrie, German Pat. 665,900 (1932). 

F. A. Askew, R. B. Bourdillon, H. M. Bruoe, E. G. 0. Jenkins, and T. A. Webster, 

^ „ Pw, Roy, Soe, (London) B107, 91 (1930). 

••• Brf JH. Reerink and A. van Wijk, Bioehem. J, 26 , 1001 (1931). 

K. V. Philips* Gloeilampenfabrieken, British Pat. 385,626 (1932). 

SjpertirR. J. Norris, R. B. Withrow, and H. Schneider, U. 8. Pat. 1,982,029 

■'.'Otiw)- 

Bffls and F. G. Brickwedde, Nahtre ttl, 452 (1928). 
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dictoiy to tibe c<Miclufflon that the temperature ooefficimt ti aotivatkm. is 
small; it merdy reflects the better exposure of molecules in agitated solution 
and perhaps also tlie driving of the precalciferol ^ calciferol equilibrium 
to rile right (see below). 

Ergosterol can be activated in the solid state, in the vapor phase, or in 
solution. When it is irradiated in the solid state the first irradiation pr^ucts 
whirii form on the exposed surfaces act as filters which prevmit li^t from 
reaching the under layers until the surface products are destroyed. The 
degree of antiricketic potency attainable by the irradiation of solid eigos- 
terol is therefore relatively low, and under practical conditions generally 
not mcoe than 10% of that attained in solution. Few studies have been 
made of activation in the vapor phase, a procedure which is handicapped 
by the fact that the melting point of ergosterol is higher than tiie tempera- 
ture at which calciferol begins to undergo transformation into its inactive 
pyro-isomers. 

Irradiation in quiet solutions is less effective than in agitated solutions,**^ 
because agitation breaks up the formation of strata of irradiation products 
like those on the surface of crystals and promotes uniform exposure of all 
portions of the liquid. Thus it is that in commercial practice the solutions 
are always agitated by stirring, flowing, or boiling during exposure to tlie 
activating rays. 

Apart from any light-filtering action of solvents, and from any role which 
they may play as carriers of dissolved oxygen, there appears to be what 
Bills el ol.^ termed a specific solvent effect on activation. This was revealed 
by parallel spectrographic and biologic examinations on the course of ac- 
tivation in three transparent solvents — alcohol, cyclohexane, and eriier. 
The importance of the specific solvent effect was shown by the fact riiat 
the time required for the attainment of maximum potency in ether was 
Irniger than the time required for the entire sequence of activation and 
destruction in alcohol (Fig. 10). The maximum potency reached in ether 
was hi^er than in alcohol or cyclohexane, but certain spectral dhangra 
(see bdow) were more conspicuous in alcohol. Dasler*** reported that the 
maximum potency obtained by the irradiation of eigoster(d in alcohol 
reinesmited a 30% conversion of ergosterol to calciferol, while the maxi- 
mum potency obtained in ether represented a 70% conversicm. 

4. CBEMIBfrBY OF ACTIVATION 

ti^en a provitamin D is exposed to ultravidet li^^t of suitable wave- 
leni^, the transformation into the corresponding vitamin D begins at <moe. 

A. 'Viniidsus, K. Westphid, F. von Warder, uid 0. Rygh, NacJtr. (^. Wi$$. 

Hnm, Math, phyaik. Kl. 45 (19291. 

C. E. ffiUs, E. M. HoneyweU, and W. M. Cox, BM. Chm. «, «1 (1921), 
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Fig. 10. Time-potency curves of the activation of ergosterol in alcohol, cyclo- 
hexane, and ether. An example of the specific solvent effect. (After Bills ei j 


However, the provitamin, even under the most favorable conditions, never 
gives a 100 % yield of vitamin. The transformation proceeds in overlapping 
steps, with the formation of a series of products of which vitamin D is not 
the last. The series has received special study by Windaus el al.*^ and 
Setz,*2® whose conclusions, modified in the light of other work, can be 
expressed in the following scheme. Here is illustrated the transformation 
of ergosterol into calciferol (vitamin D 2 ), but with other provitamins the 
changes which take place are analogous. 


Ergosterol 

^ . 

Lumisterol 

i 

Protachysterol 

i 

Tachysterol 

i 

Precalciferol 

Calciferol 


Toxisterol — ♦ Suprasterols 
(Substance 248) I and II 
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The quantity of any one irradiation product present after a given period 
varies with the conditions of exposure, and correspondingly there is a vari- 
ation in the spectral picture of the total mixed products. As explained 
above, the wavelength is a factor, particularly important in the accumula- 
tion of lumisterol and tachysterol. Temperature appears to be important 
in the accumulation of precalciferol. The specific solvent effect is a factor 
in the accumulation of toxisterol. 

The presence of dissolved oxygen in the solvent markedly affects the 
spectral picture of activation.^^*** It does so by altering the by-products of 




Fiq. 11. Spectral changes during irradiation of ergosterol in alcohol by quartz 
mercury lamp. Compare Fig. 12. (After Bills et 

activation, rather than by affecting to any large extent the formation oi^ 
destniction of vitamin In one study extreme freedom from oxygen 
during the irradiation of ergosterol did not occasion any enhancement of 
antiricketic potency. The products of oxidation make difficult the crystal- 
lization of vitamin and are therefore especially to be avoided when 

A. Smakula, Nachr, Gea. Wiaa, Odttingen, Math, phyaik, KL 49 (1928); C. E. Bills, 
E. M. Honeywell, and W. M. Cox, Jr., J, BioL Chem, 80, 657 (1928) ; E. H. Reerink 
and A. van Wijk, Biochem, J, 88, 1^ (1929). 

C. E. Bills, E. M. Honeywell, and W. M. Cox, Jr., J, BioL Chem. 80, 667 (1928). 
H, H. Beard, R. E. Burk, H. E. Thompson, and H. Goldblatt, J, BioL €hm. 96, 
307 (1932). 

•« T, C. Angus, F. A. Askew, R, B. Bourdillon, H. M. Bruce, R. K. Callow, C. F, 
Fischmann, J. St. L. Philpot, and T. A. Webster, Proe. Roy, Soe, {London) BIO^ 
340(1931)., . 
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the production of crystalline calciferol is desired. It has been shown**®* 
that vitamin D, either in crystalline form or as the crude resin, is decidedly 
more stable to oxidation than some of the non-vitamin substances which 
are formed with it in irradiation. It is, however, somewhat less stable than 
ergosterol itself.*^® 

By following the course of activation both spectrographically and bio- 
logically, curves can be constructed which illustrate the absorption spectra 
of the mixed irradiation products from time to time, and the correspon^ng 



Fig. 12. Potency changes during irradiation of ergosterol in alcohol by quartz 
mercury lamp. Compare Fig. 11. (After Bills et al.*”) 

rise and fall of vitamin D potency (Figs. 11 and 12). The illustrations 
depict the changes observed when an alcoholic solution of ergosterol at 
room temperature is exposed to the unfiltered radiations of a water-cooled 
quartz mercury vapor lamp. As explained above, different conditions give 
different curves. Early expectations that the study of the crude absorption 
spectra would yield useful information on the products of irradiation have 
not materialized. It has been necessary to isolate the products and examine 
Qism individually. 

C. E. Bills, F. G. McDonald, L. N. BeMiller, G. E. Steel, and M. Nussmeier, 
; BM. Chm, as* 776 (1231). 

A. L* Bacharach, E. L. Smith, and S. G. Stevenson, Analyst 68* 128 (1233). 
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a. Ergosterol 

Usual, or hydrated, form, C28H440-Hs0, molecular weight 414.648; an- 
hydrous, C 28 H 440 , molecular weight 396.632. Three double bonds. Melting 
point about 165°, unsharp, varies with conditions. In vacuo, sublimation 
occurs at 180°,** heavy vapors at 186°,*** and distillation with sli^t decom- 
position at 198°.** Principal absorption maxima at 262, 271, 282, and 293.5 
m^ (in alcohol). Absorption minima at 263, 277, and 289.5 mju. Molecular 
extinction coefficient at 282 m#t = 11,500. [«]“ = —135°, and [a]uai = 
—174° (anhydrous ergosterol in chloroform). Heat of combustion (an- 
hydrous), 9,950 caloriesi* per gram.*** Specific gravity (anhydrous), 1 .040.*** 
Ratio of digitonide to sterol, 4.0:1.*** 

Crude ergosterol as obtained from the unsaponihable matter of the fat 
of fungi contains other sterols in varying amounts. Tanret*** was the first 
to prepare ergosterol of high purity. He made it from the crude sterols of 
ei^ot by fractional crystallization in ether. The ergosterol of yeast is ac- 
companied by a number of minor sterols to the extent of about 20 %.*** > *** 
Bills and Honesrw'ell*** obtained from yeast a purified product identical 
witii Tanret ’s by recrystallizing the crude sterols from 95 % alcohol-benzene 
2:1. Alternatively, the same degree of purification was attained by convert- 
ing the ergosterol into ergosteryl isobutyrate, which forms massive crystals 
easy to purify. The ester was saponified, and the ergosterol recovered. 
Callow** purified ergosterol via the benzoate, and by this means eliminated, 
along with other impurities, an exceptionally persistent contaminant, 5- 
dihydroergosterol, which may be present to the extent of about 5 %.**® This 
ergosterol, hydrated, showed [«]“ = —128.7°, and anhydrous, [«]” = 
—135° (in chloroform). Huber et al?*^ crystallized ergosterol from 95% 
alcohol-benzene 1:2 (not 2:1, as used by Bills and Honeywell). They 
obtained hydrated ergosterol which had {ajo = —133° (in chloroform). 
Althou^ the ambient temperature was not stated, it would seem that this 
value represented a sample of exceptional purity. 

Ergosterol forms snow-white crystals, the gross appearance of which 
varies with the solvent. From 95% alcohol it crystallizes in leaflets, and 
from ether, chloroform, and acetone in fine needles.*** Larger crystals are 
obtained from ether-acetone 1:3.***' *** The presence of a little water in 

’** C. Tanret, Compi, rend. 108, 98 (1889); i4»n. ehitn. et phye, Ser. 6, 80, 289 (1890). 
•*• H. P4nau and Z. Hardy, J. pharm. ehim. Ser. 8, 9, 146 (1929). 

**• C. Tanret, Ann. ehdm. et phye. Ser. 8, 10, 313 (1^). 

**’ A. Caatille and E. Ruppol, Bull. aead. roy. med. Belg. Ser. 5, IS, 48 (1933). 

•*• W. Halden, HoppeSeyler’e Z. physiol. Chem. 886, 249 (1934). 

**• C. E. Bills and E. M. Honeywell, J. Biol. Chem. 80, 16 (1928). 

’*• R. K. Callow, Bioehem. J. 86 . 87 (1931). 

*“ W. Huber, 6. W. Ewing, and J. Kriger, J. Am. Chem. 8oe. 87, 609 (1946). 

•" C. E. Bills. U. S. Pat. 1,776,648 (1930). 
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ethyl acetate-alcohol or in benzene-alcohol mixtures promotes the forma- 
tion of large crystals Under the microscope ergosterol crystals are found 
to be elongated six-sided prisms, the angles adjacent to the long sides 
measuring about 127®, and the angles between the short sides 106®. The 
extinction is parallel, the sign positive, and the plane of the optical axes 
transverse to the length. The needles differ from the leaflets only in exag- 
geration of length. It is somewhat uncertain whether the crystals are mono- 
clinic or orthorhombic, but examination in convergent light suggests pat 
they are monoclinic.^^®* \ 

Ergosterol usually contains one molecule of water of crystallization.®*^®^®* 
246 , 261 retains this water so tenaciously that drying at room temperature 
over sulfuric acid or calcium chloride removes only part of it.®*' Tanre^®^® 
apparently felt that ergosterol can be completely dehydrated without de- 
composition by heating to 105® in a vacuum or in carbon dioxide (time not 
specified, but presumably brief). The product thus obtained regains its 
original weight after a few hours of exposure to air, but this is not the case 
if it has become discolored. Callow®* warns that the water ‘4s difficult to 
remove completely without decomposition.” Bacharach ei state that 
“attempts to remove the water of crystallization by ordinary methods 
involve some decomposition of the sterol.” 

Tanret®^^' ®^® noted that ergosterol oxidizes readily, especially in solution 
or under the influence of warmth and light; it becomes yellow and odorous 
and its melting point and optical rotation are lowered. Callow®* observed 
that anhydrous ergosterol oxidizes more readily than does the hydrated 
form. However, hydrated ergosterol, kept over calcium chloride and ex- 
posed to air occasionally, took up five atoms of oxygen in the course of a 
year, arriving at practically constant weight. The oxygen uptake cur\’'e was 
that of an autocatjaJytic oxidation. The destruction of ergosterol is very 
noticeable in hot solutions,®^*’ ®®^ and it is probable that some damage 
occurs whenever aa ergosterol solution is heated, unless extraordinary pre- 
cautions are taken to exclude oxygen. 

To preserve ergosterol, Tanret®^* recommended that it be kept in a vac- 
uum or under carbon dioxide. Callow®* reported that in sealed tubes it 
remains unchanged for long periods. Bills and Honeywell®^® found that 
ergosterol, kept in the dark at 0®, remained colorless for a year, even though 
exposed to air. However, Bacharach et observed yellowing in a sample 
kept in the dark at “a low temperature.” It is the experience of industrial 
users that ergosterol can be kept indefinitely in well-sealed bottles, which 
have been gassed and stored in a cool, dark place. 

The melting point, or melting range, of ergosterol has never been satis- 
factorily established. Callow®* reported that the purest ergosterol, partially 

«* W. A. Carlson, U. S. Pat. 2,167,272 (1939). 
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dehydrated, melted in sealed capillaries at 160® to 163®. The circumstances 
of heating were not stated, nor was it made clear whether any precautions 
against oxidation were taken. Tanret^^* found that purified hydrated ergos- 
terol in sealed capillaries melted from 4® to 6® lower than in capillaries 
filled with carbon dioxide or than it did on the Maquenne block,®^ which 
minimizes oxidation by rapid heating. lie gave the melting point as 165®. 
Bacharach ei emphasized the importance of rapid heating. They found 
melting points between 162® and 164® for commercial hydrated ergosterol 
in open capillaries. Hul^er et reported the same range, 162® to 164®, 
for a purified sample of hydrated ergosterol, but did not specify how the 
determinations were made. Bills and HoneywelP^® observed that the point 
at which molten purified ergosterol in scaled (capillaries becomes clear de- 
pends upon the water content. The clearing points (in distinction from the 
liquefying points given by others) ranged from 166® to 183®, according to 
the degree of hydration. 

The turbidity associated with moisture may he related to the phenome- 
non of mesomorphism described by FriedeF^^ and noted by Gaubert^^®* ^67 
in ergosterol complexes (‘liquid crystals”)- Certainly it makes difficult the 
observation of the true melting point, for it lengthens the apparent melting 
range, thus more or less offsetting the depressing effects of oxidation. All 
facts considered, one must (conclude that the melting point of ergosterol 
should be taken in the open to facilitate the escape of water, and rapidly 
to minimize oxidation. Tanret’s value of 165® on the Maquenne block is 
perhaps the best determination so far recorded. 

The melting points of thirty ergosterol esters are given in Table IV. 
Many of these esters, and others studied by Gaubert,^®® exhibit melting 
point anomalies associated with mesomorphism. It is probable, moreover, 
that the single melting points ascribed to (pertain other esters in the table 
represent only the final, or clearing, points, the authors having neglected 
to note earlier phases. Thus, Tanret^^® gave the melting point of ergosteryl 
butyrate simply as 129.5®, whereas Gaubert, working later with the same 
specimen of this ester, recorded a spread of 28° between the liquefying and 
clearing points (100® to 128®). Besides the esters, there are several loose 
combinations of ergosterol with glycerol, orcinol, urea, and substituted 
ureas, which exhibit more or less extended turbid phases in their melt- 
ing 256 , 267 ig known that mesomorphic states are exhibited by numer- 
ous esters and complexes of cholesterol and other sterols, as well as ergos- 
terol. However, with the ergosterol compounds, the viscous, or smectic, 

L. Maquenne, BulL soc. chim. France Ser. 2, 48, 771 (1887). 

G. Friedel, Ann. phye, Ser. 9, 18, 273 (1922). 

P. Gaubert, Bull, soc.frang, mineral, 32, 62 (1909). 

P. Gaubert, ‘Cowpt. rend, 149, 608 (1909). 
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TABLE IV 
Esoobteboi< Estebs 


Ester, reference 

Melting point, "C. 

Rotation (in CHCSa) 

Ergosteryl acetate*^* 

179 turbid 

[a]? « -90" 

Ergosteryl allophanate*** 

181 clear 

260 

Ergosteryl j8-anthraquinone car- 

196-200 


bonate*”* 



Ergosteryl benzoate*® 

169-171.5 

[alK.i “ -88.3° 

Monoergosteryl esters of n-butane- 
1,2,3,4-tetracarboxylic acid: 


the more soluble isomer**® 

168 decomp. 


the less soluble isomer**® 

230 decomp. 


Ergosteryl butyrate*** 

100-129.5 

I«], - -73° 

Ergosteryl 2-chloro-3 , 6-dinitroben- 

203-204 

[alS - -38° 

zoate^** 


Ergosteryl cinnamate*®* 

175 turbid 

[a]" - -50.8° 

Ergosteryl 3 , 5-dinitrobenzoate“® 

190 clear 
i 202 


Ergosteryl 3 , 5-dinitrobenzoate**^ 

198-199 

[«]„ = -40.8° 

Ergosteryl 3 , S-diiutro-4-methyl- 

213-214 

[a]? - -49° 

benzoate^** 


Ergosteryl diphenylacetate*®* 

186 

[all! - -60° 

Ergosteryl ethyl carbonate*® 

150-153.6 

WS,. - -111.1° 

Ergosteryl formate*** 

161.5 

Ial„ = -07.9° 

Ergosteryl isobutyrate*** 

148 viscous, turbid 

[„]; = -84° 

Ergosteryl isovalerate*** 

159 thin, turbid 

162 clear 

138 viscous, turbid 

la)S - -82° 

Ergosteryl /3-naphthoate**’* 

167 thin, turbid 

160 clear 

175 


Ergosteryl a-naphthylurethane*®* 

186 

WS - -65° 

Ergosteryl 3-nitrobenzoate**« 

151 

(ol. - -71° 

Ergosteryl 4-nitrobenzoate**® 

182 

[o]. - -49.5° 

Ergosteryl 3-nitro-4-methylben- 

191-193 

la). - -47.2° 

zoate**^ 


Diergosteryl oxalate*** 

255 

la]? - -76.4' 

Ergosteryl palmitate*** 

107-108 

[a]S - -50.9' 

Ergosteryl phenylurethane*** 

185 

WS - -63.1° 

Diergosteryl 0-chloroethyl] phos- 

166-167 

phate*® 



Diergosteryl phosphate** 

180-182 


Monoergosteryl phosphite** 

146 


Monoergosteryl phthalate**® > *** 

169 

la). - -51° 

,t)tergo8teryl propionate*** 

147.6 

ta). - -77° 

Monoergosteryl succinate*** 

162 
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phase is more pronounced, while the color play frequent with other sterols 
is usually absent. 

Ergosterol is insoluble in water, 2^* but the presence of 0.2 % of water in 
ethyl acetate is claimed^^ to increase its solubility in the latter solvent. 
Weak aqueous colloidal solutions can be made by means of a mutual solvent 
such as acetone, or by the action of supersonic waves, or with the aid of 
dispersing agents. Better colloidal solutions can be made by dissolving the 
sodium, potassium, or ammonium salts of ergosteryl acid esters, e.g., the 
monoergosteryl esters of phthalic,®®® * succinic,^®® and especially n-butane- 
1,2,3, 4-tetracarboxylic®®® acids. 

Ergosterol is sparingly soluble in methyl formate and in methanol, which 
makes these low-boiling liquids useful for washing ergosterol crystals in 
analytical procedures, and for recovering unconverted ergosterol from crude 
irradiation resin. Ergosterol is soluble in most organic solvents and in oils 
and fats. Examples of its solubility in certain solvents are given in Table V. 

The stability of ergosterol in different solvents varies. Alcoholic solutions 
keep for several weeks if stored in a dark place. Pyridine favors decomposi- 
tion and oxidation.®® Ethylene dichloride is unsuitable because of the dif- 
ficulty of keeping it free from traces of hydrogen chloride,®® to which er- 
gosterol is v^ery sensitive. Chloroform, which is so widely used for the 
determination of the specific rotations of organic compounds that it may 
be said to be the solvent of first choice, must be used with caution for ergos- 
terol. Hydrated ergosterol dissociates in chloroform, giving the unstable 
anhydrous sterol and a quantity of free water sometimes sufficient to create 
turbidity and optical unfitness.®^* Moreover, a solution of ergosterol in 
chloroform discolors in a week, and if exposed to daylight it becomes brown 
in a few hours.^^®* Chloroform intended for optical test solutions should 
be tested for traces of hydrogen chloride, which might induce isomeriza- 
tion.*®' Any solvent subject to peroxide formation, such as acetone or ether, 
should, on general principles, be removed from ergosterol crystals to pre- 
vent the possible initiation of destructive changes. 

Ergosterol is strongly levorotatory, more so, in fact, than any sterol 
likely to be associated with it. Consequently its rotation is a reliable index 
of purity. On this basis it would seem that the preparations of Callow*® 
and Huber et ai.*®' are the purest ever described. Ergosterol does not 
exhibit mutarotation (in chloroform).*^® Its rotation is more influenced than 
that of sugars by the wavelength employed, and it is also greatly influenced 
by the solvent. Data on these factors, obtained by Bacharat'h et with 

Sumi, Papers InsL Phys. Chem. Research Tokyo 30, 262 (1936), 

H. Emerson and F. W. Heyl, /. Am. Chem. Soc, 62, 2015 (1930). 

P, Hoffmann-La Roche and Co., German Pat, 495,460 (1930). 

R. Sohdnhelmer and F, Breusch, Hoppe*8eyler*s Z, physiol. Chem. 211, 19 (1932). 
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a commercial sample of hydrated ergosterol, are shown in Table VI. From 
the table it appears that the ratio [a]B 46 i’. [^Id is 1.27 at 20® and is prac- 
tically independent of the solvent. The specific rotations, however, vary 


TABLE V 

Solubilities of ERGosTERoii 


A. Data from Tanret*^® 


Solvent 


Temperature, “C. 

Parts of solvent lo 
dissolve 1 part\ 

Acetone 



20 

200 

Acetone 



Boilini;; 

32 

Alcohol, 95% 



Cold 

526 

Alcohol, 95% 



Boil in j? 

36 

**Benzine** 



16 

94 

Chloroform 



IS 

50 

Chloroform 



Hot 

Few 

Ether, anhydrous 



20 

50 

Ether, anhydrous 



Boiling 

28 

Ether, hydrated 



20 

112 

Ether, hydrated 



Boiling 

50 

Water 




Insol. 


B. 

Data from Honeywell and Bills®®®*^ 


Solvent 

Temperature, ®C. 

Milliliters of boiling 
solvent to dissolve 1 g. 

Acetone 



56 

27 

Alcohol, 96% 



78 

50 

Benzene 



80 

4.6 

Ether, U.S.P. 



35 

70 

Ethyl acetate 



77 

6.5 

Hexane 



65-70 

24 

Isopropyl alcohol 



82 

10 

Methanol 



65 

280 

Methyl acetate 



54 

35 

Methylcyclohexane 



101 

<2 


widely with the solvent, being highest in chloroform, [a]D® — —125.25®, 
and lowest in acetone, [a = —92.0®. From the data of Bills and Honey- 
well,2** it appears that the ratio is only slightly influenced by temperature, 
being 1.30 at 20® and 1.27 at 25®. The values themselves, however, showed 
considerable temperature effect. From the data of Callow,®* it appears that 

E. M. Honeywell and C. E. Bills, J. Biol. Chem. W, 71 (1932). 
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the ratio is essentially the same for hydrated ergosterol, 1.30, as for an- 
hydrous ergosterol, 1.29. 

The specific rotations of twenty-one ergosteryl esters are given in Table 
IV. In several instances the values seem anomalous, in that they are widely 
different from what would be expected on the basis of differences in molecu- 
lar weight. This does not necessarily indicate (jontamination or error, for 
similar anomalies have been observed in cholesterol esters.^®^ 

The absorption spectrum of ergosterol, Fig. 8, reveals the four commonly 
recognized bands with maxima at 262, 271, 282 and 293.5 m/i. In addition 
to these, there are four other bands, or inflections, which can be seen clearly 
only in more concentrated solutions. Smakula^^® reported a band at 232 
m/x, and Sumi^®^ noted an inflection at 250 m/x. Hogness et located the 

TABLE VI 

Optical Rotation of Ergosterol® 


Solvent 


i< 

Ratio 

Chloroform 

-158.5'’ 

-125.25° 

1.27 

Benzene 

-156.0'’ 

-124.0° 

1.26 

Ethyl acetate 

-120.0° 

-95.0° 

1.26 

Ether 

-120.0'’ 

-94.0° 

1.27 

Alcohol (absolute) 

-119.0° 

-93.0° 

1.28 

.\cetone 

-118.0° 

-92.0° 

1.28 



Average value of ratio 

= 1.27 


® Data from Bacharach et on a commercial grade of ergosterol. 

latter band at 252 m/x and found two more at 325 and 337.5 m/x. The fact 
that ergosterol absorbs, even slightly, these longer waves, probably accounts 
for the otherwise unexplained destructive effect of subdued daylight. 

Hogness ei and Huber ei al?^^ compared the absorption spectra of 
ergosterol in several solvents. The wavelengths of the maxima were essen- 
tially the same in alcohol, hexane, and isooctane. The extinction coefficients 
were highest in alcohol and hexane, and a little lower in isooctane. In 
chloroform the extinction Avas considerably lower, and the position of the 
maxima shifted 3 m/x toward the visible region. 

Sterol color reactions depend on the double bond systems and hence are 

R. L. Shriner and L. Ko, J. Biol. Chem. 80, 1 (1928). 

*•* C. Liobermann, Ber. 18, 1804 (1885). 

*« F. A. Askew, R. B. Bourdillon, H. M. Bruce, R. K. Callow, J. St. L. Philpot, and 
T. A. Webster, Proc, Roy, Soc, (London) B109, 488 (1932). 

*** M, Sumi, Biochem, Z, 204, 397 (1929). 

T. R. Hogness, A. E. Sidwell, Jr., and F. P. Zscheile, Jr., J . Biol. Chem, 120, 239 
(1937). - 
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specific only as to classes. Reactions of interest in the study of ergosterol 
and/or other provitamins D include the following: the Tanret or reversed 
Salkowski reaction, 2 ^® the Liebermann-Burchard reaction,^®®* 2 ^®' the 
Tortelli-Jaflf6 reaction, 2 *®- ®®®' 268 (trichloroacetic 

acid or chloral hydrate) , 2 ^®* 2 ®® the Rosenheim-Callow reaction,®^® - the 
Tschugajeff reaction,^^* and the antimony trichloride reaction.®^®* ®®®' ®®^ 
A modification of the trichloroacetic acid reaction, notable for its extreme 
sensitivity, is described by Christiani and Anger Most of these reactibns 
distinguish the provitamins D from sterols of the cholesterol-phytostferol 
class. Some distinguish provitamins from their esters,®®®*®’® and oxidiied 
from fresh specimens of provitamin.®^®* ®*®* ®®® \ 

For the quantitative estimation of ergosterol, three general methods aVe 
available: (1) color reactions, (2) digitonide precipitation, and (3) spectre- 
photometric measurement. No method is known which will distinguish 
minute amounts of ergosterol from other provitamins D, but when sufficient 
material is on hand, the esters and oxidation products can sometimes be 
identified. The color reactions have the advantage of being applicable to 
minute quantities, but they are subject to considerable error. Heiduschka 
and Lindner^®® used the Liebermann-Burchard reaction for the determina- 
tion of ergosterol in yeast, a questionable procedure because this reaction 
is given not only by ergosterol but (more slowly) by sterols with a single 
double bond.®^® Bilger et aZ.®’® used the Liebermann-Burchard reaction for 
the total sterols of yeast, and a modification of the Rosenheim trichloro- 
acetic acid reaction for the ergosterol. Page®’^ applied a modification of the 
Rosenheim reaction to the estimation of ‘^ergosterol” in animal tissues; see, 
however, the comments of Bilger. The more recent (1939) Christiani- 
Anger®’® modification, in which the chloroform solution of the unknown is 
treated with trichloroacetic acid and lead tetraacetate, deserves a quanti- 
tative development. In spot tests it detects as little as 0.1 y of ergosterol, 
and it distinguishes esters from free sterols. 

Ergosterol, like all sterols of normal steric configuration, gives with 
digitonin a precipitate of low solubility which lends itself to gravimetric 
estimation. The digitonin reaction is accurate but time-consuming. It does 
not take place with esters, and thus when applied to tissue extracts before 

E. P. H&ussler and E. Brauchli, Helv, Chim, Acta 12, 187 (1929). 

I. M. Heilbron and F. S. Spring, Biochem. J, 24, 133 (1930). 

U. Westphal, Ber. 72, 1243 (1939). 

Rosenheim, Biochem. J, 28, 47 (1929). 

0. Rosenheim and R. K. Callow, Biochem. J. 25, 74 (1931). 

L. Tschugajeff, Chem. Z. 24, 542 (19CX)); Z. angew, Chem. 18, 618 (1900). 

A. F. V. Christiani and V. Anger, Ber, 72, 1124, 1482 (1939). 

*78 F. Bilger, W. Halden, and M. K. Zacherl, Mikrochemie 15, 119 (1934). 

1. H. Page, Biochem. Z. 280, 420 (1930). 
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and after saponification, it provides a means of determining the percentages 
of free and esterified total sterols. Digitonin does not give a precipitate 
with any form of vitamin D. The critical details of conducting an analysis 
with digitonin are given by P6nau and Hardy Castille and Ruppol,®^’' 
and Bilger et alJ^^ 

With the availability of modem apparatus, the spectrophotometric 
method of determining ergosterol and other provitamins D is usually the 
method of choice. The characteristic spectmm (Fig. 8) is shown by the 
tree provitamins and also by their esters, provided that the acid radical 
does not itself absorb in the critical region. If the unknown is free of 
^‘ultraviolet dirt,’' it is only necessary to compare the optical density at 
the 282 m/i maximum with that of pure provitamin D. To prove that the 
unknown is not dirty, it is usually sufficient to measure the absorption at 
the nearby minimum, 277 mu; the relation of this to the maximum should 
be 0.8. If irrelevant absorption cannot be avoided, one may resort to the 
procedure employed by Castille and RuppoF" in studies with yeast. This 
consists in precipitating the total sterols with digitonin, dissolving the 
washed and dried digitonides in absolute alcohol, and making the spectral 
measurement on the resulting solution. In this case it is desirable to use 
as the standard a preparation of pure ergosterol digitonide. 

The accepted formula of ergosterol is the work of many chemists. Tan- 
ret^^ in 1889 recognized the single hydroxyl group and the molecule of 
water of crystallization, and he presented analyses corresponding to the 
formula C26H4 d 0’H20. In 1908 he*^* revised the formula to C27H420-H20, 
which remained accepted until 1932, when Windaus et by the 

analysis of halogenated nitrobenzoic esters and other complex derivatives, 
established the empirical formula as C28H440*H20. The structural formula 
(Fig. 4) was established by Windaus et in 1934. Confirmation of de- 
tails followed in papers by Fernholz and Chakravorty^ and Dimroth and 
Trautmann.^* The complicated proofs of structure of ergosterol and related 
sterols are reviewed by Rosenberg^^ and Fieser and Fieser.®^* 

6. Lumisterol 

028H440. Three double bonds. Melting point 118®. Principal absorption 
maxima at 265 and 279 m/x* Molecular extinction coefficient at 279 m$t » 
8500.*«® [a]lf - +192®, and [aliJei = +235® (in acetone). 

A. Windaus and A. Lttttringhaus, Nachr. Oee, Wise, Gottingen, Math, physik KL, 

Faehgruppe III 4 (1932). 

A. Windaus, H. H. Inhofien, and S. von Reichel, Ann. 610, 248 (1934). 

E. Fernholz and P. N. Chakravorty, Ber. 67, 2021 (1934). 

K. Dimroth and G. Trautmann, Ber, 69 , 669 (1936). 

L. F. Fieser and M. Fieser, Natural Products Related to Phenanthrene, 3rd ed. 

Eeinhold Publishing Coip., New York, 1949. 

^ 1. M. Heilbron, G. L. Moffet, an<l F. S. Spring, J, Chem, Soe. 1987, 411. 
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Tachysterol exhibits considerable pharmacological activity. It is about 
one-half as toxic as calciferol in producing kidney tubule calcification .in 
the mouse.**® For calcifying bone it is greatly inferior to calciferol although 
still a potent agent. Windaus et observed no antiricketic activity from 
doses of 1 7 daily to rats, but higher doses were not explored. Meunierand 
Thibaudet**®® observed healing at the IO-7 level. This is about 500 times 
the requirement of calciferol. Probably the antiricketic action was .not 
due to contamination with calciferol, for it was the same in samples of 
tachysterol prepared the usual way and by the deiodination of iodopal- 
ciferol. 

c. Precalciferol 

C28H44O. Probably four double bonds. Melting point of 3,5-dinitroben- 
zoate 103° to 104°. [ajo of 3,5-dinitrobenzoate = +45° in chloroform and 
+30° in benzene, with mutarotation. Absorption maximum (of free form, 
by graphic subtraction), at 265 m/u. Molecular extinction coefficient at 
265 nm = 9600. In solution, transforms into calciferol. 

In 1948-1949, when the irradiation series had come to be regarded as a 
closed book, a renew^ed interest in the dark reaction came out of the studies 
of Velluz and his associates.**^ Ergosterol in ether w^as irradiated under 
nitrogen, the ether distilled off, the unconverted ergosterol frozen out of 
alcohol, and the alcohol removed — all at a temperature below 25°. Without 
heating, the resin was converted into 3 ,5-dinitrobenzoates, and the product 
fractionated on alumina. The least strongly adsorbed fraction was crystal- 
lized from ligroin, giving yields of precalciferyl 3,5-dinitrobenzoate which 
amounted to as much as 50 % of the resin taken. That such an abundant 
product should have been so long overlooked is surprising but understand- 
able because it transforms itself into calciferol in solution, especially when 
wanned. 

Precalciferyl 3,5-dinitroben2oate crystallizes from ligroin in fine pale- 
yellow needles, m.p. 103° to 104°, obviously different from the bright yellow 
massive crystals of calciferyl 3,5-dinitrobenzoate, mj). 158° to 159°. The 
ester upon saponification gives a non-crystalline free form of precalciferol, 
which does not precipitate with digitonin and which gives the calciferol 
color reactions of Pesez**® in reduced intensity. The absorption spectrum 
of precalciferol is strikingly similar to that of calciferol, except that it is 
only about half as intense. The curve (Fig. 9) shows no evidence of admix- 
ture of other precursors of calciferol. When a benzene solution of precal- 

^ Xi, Velluz, A. Petit, G. Michel, and G. Rousseau, Compt, rend. 226, 1287 (1948); 

L. Velluz, A. Petit, and G. Amiard, Bull. soc. ehim. France 16» 1115 (1948); L. 

Velluz and G. Amiard, Compt rend. iSBf 692, 853 (1949) ; L. Velluz, G. Amiard, and 

A. Petit, Bull. soc. ehim. France 16« 501 (1949). 

^ M. Pesez, Bull. soc. ehim. France 16, 507 (1949). 
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ciferol or precalciferyl 3,5-dinitrol>enzoate is held at 60® for several hours 
in the dark, the dextrorotation increases to almost that of calciferol or 
calciferyl 3,6-dinitrobenzoate, and the latter products can be isolated. 
Conversely, solutions of calciferol or calciferyl 3, 5-dinitrobenzoate produce 
some precalciferol or precalciferyl 3, 5-dinitrobenzoate. In any of these 
solutions, calciferol always predominates at equilibrium. The relationship of 
the two isomers is presumed to be a phenomenon of transitory cyclization. 
The increasing dextrorotation in the Windaus and Auhagen^®^ experi- 
ment, heretofore unexplained, was probably due to the precalciferol-cal- 
ciferol transformation, which was ovei’shadowed spectrally by the simul- 
taneously occurring protachysterol-tachysterol transformation. Thus it 
appears that there are two dark reactions in the activation series. 

Mention should be made of the claim by Raoul et that, in ionizing 
solutions, calciferol and tachysterol are interchangeable. It was found that 
in an ionizing agent such as symmetrical dichloroethane, activated with 
1 % glycerol dichlorohy drill, calciferol undergoes a change, its optical prop- 
erties simulating those of tachysterol. If the ionization is checked before it 
has continued too long, the product reverts to calciferol, but if it has been 
prolonged, the change back to calciferol can be brought about only by 
irradiation. That the product into which the calciferol changed was really 
tachysterol may be (luestioned, since it was reported that an attempt to 
prepare the 3,5-dinitro-4-methylbenzoate of tachysterol resulted only in 
the formation of the corresponding ester of calciferol. 

/. Calciferol. Vitamin Ergocaldferol 

C 28 H 44 O. Four double bonds. Melting point 121°.-®® Distils, with de- 
composition, at 150° in high vacuum.*-*^* Broad absorption band with maxi- 
mum at 265 m/x; molecular extinction coefficient = 19,400 in alcohol 
= 490).2®®- 29 o« ^ [aliJei - +125° (in absolute alco- 

hol). 

In 1930-1931 the English and German teams of investigators succeeded 
in isolating pure idtamin D from the irradiation resin of ergosterol. An 
ingenious method for the distillation and fractional condensation of the 
resin in a high vacuum was described by Askew el Small amounts of 
potent crystals were obtained. The method was improved, and a detailed 
study of the active crystals was reported by Angus ei The name, 
calciferol, was given to the crystalline substance. A few months later, in 
1931, Askew et al?^^ discovered that the original calciferol was a mixture, 

Y. Raoul, J. Chopin, P. Meunicr, and N. Le Boulch, Compt. rend. 238, 1064 (1949). 
*90 H. P4nau and G. Hagemann, Hdv. Chim. Acta 29, 1366 (1946). 

*90* S. K. Crews and E. 1^. Smith, Analyst 84, 568 (1939). 

*•' F. A. Askew, R. B. Bourdillon, H. M. Bruce, R. G. C. Jenkins, and T. A. Webster, 

Free. Roy. Soc. iLondon) B107, 76 (1930). 
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separable via the 3,5-dinitrobenzoate into pure calciferol and two inactive 
sterols. One of these, pyrocalciferol, was merely a thermal transformation 
product, produced during the distillation. The other, * ‘sterol X” (lumis- 
terol), had come over from the original irradiation product. By the new 
esterification technique calciferol could be obtained directly from the resin, 
without distillation. 

While the isolation of calciferol was in progress in England, Wiiidaus and 
his associates in Germany were developing a different technique to the salme 
end. Windaus^®-* and Windaus et alP^ reviewed their preliminary studies W 
activation and announced that a crystalline vitamin D was obtained by 
remo\dng the inactive components of the resin by means of maleic or citr^- 
conic anhydride. Presently Linsert^®^ in 1931 obtained another crystalling 
preparation somewhat different in its properties from the first. For a few 
weeks Windaus and Liittringhaus^®® regarded these two preparations as 
distinct forms of vitamin D, and called them vitamin Di and vitamin D 2 , 
respectively. Soon, however, it was realized by Windaus ct that the 
Linsert preparation was essentially identical with Bourdillon’s pure cal- 
ciferol, while the first Geman preparation was an addition compound of 
calciferol with lumisterol. 

The name vitamin Di has been abandoned, but the name calciferol has 
been retained, so that vitamin D 2 and caltiferol are now synonyms for the 
pure product. The Commission on Nomenclature of Biological Chemistry 
of the International Union of Pure and Applied Chemistry^®® has adopted 
the name ergocalciferol as another synonym, for the purpose of making 
clearer the distinction from vitamin D3, which they call cholecalciferol. 

Callow ^s®2 procedure of purifying calciferol via the 3,5-dinitrobenzoate 
works so well that the properties and constants of calciferol are known 
with better agreement than those of ergosterol. 

Calciferol crystallizes from methanol in clusters of (colorless needles,*®® 
and from acetone in long prisms.*®® It is very soluble in most organic sol- 
vents, but less so in methanol than in acetone.*®® The solubility in acetone 
amounts to 1 g. in 14 ml. at 7°.*®® At 20° 100 ml. of acetone dissolves 25 g., 
100 ml, of absolute alcohol 28 g., and 100 ml. of ethyracetate 31 g. of cal- 
ciferol.*®® 

The stability of calciferol has been reviewed and studied by Huber and 
Barlow.*®^ Calciferol is even more unstable than ergosterol. Samples kept 
under ordinary laboratory conditions show signs of decomposition in 2 or 

A Windaus, Proc. Roy. Soc, (London) BIOS, 668 (1931). 

A. Windaus, A. Luttringhaus, and M. Deppe, Ann. 262 (1931). 

O. Linsert, cited, in a footnote, by A. Windaus, A. Luttringhaus, and M. Deppe, 

Ann. 489, 262 (1931); U. S. Pat. 1,902,786 (1933). 

»•* A. Windaus and A. Lixttringh&UBy Hoppe-Seyler*a Z. physiol. Ckem. 208, 70 (1931). 
»♦« A. M. Patterson, Chem. Eng, News 80, 104 (1962). 
w W, Huber and O. W. Barlow, J. Biol. Chem. 149, 125 (1943). 
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3 days. Inert gases or low temperatures greatly diminish, but do not pre- 
vent, the decomposition. In the author’s experience, a sample stored for 6 
years in the dark at 0® in a closed but not hermetically sealed bottle, re- 
tained its crystalline form but became deep yellow, and shortly after 
warming to room temperature it mildly exploded. Huber and Barlow found 
that samples sealed under vacuum in amber ampules and kept in the re- 
frigerator, showed no change up to 9 months. The esters of calciferol 
(Table YIII, page 204) with various nitrobenzoic acids are remarkably 
stable and provide a means of storage as well as of characterization. They 
remain unchanged over a period of years if a slight photodecomposition is 
avoided by keeping them in amber bottles.-®^ Fresh calciferol (ran then be 
had at any time, merely by applying a simple saponificiatioii procedure 
which avoids recrystallization and its attendant hazards to purity. Solu- 
tions of calciferol in edible oils or in propylene glycol, and dispersions of it 
in canned milk, have excellent keeping (jualities, even under severe condi- 
tions.2®^ 

The melting point data on commercial calciferol are reviewed by Ander- 
son ei 4'he melting point is close to 116°, values between 115° and 
117° being the usual range. Perhaps because of slight thermal decomposi- 
tion, the actual melting point is unsharp. Highly purified calciferol melts 
at 121°, according to Pdnau and Hagemann.^®® 

Calciferol is strongly dextrorotatory, although less so than lumisterol; 
the preseiu^ of the latter as an impurity can be determined quantitatively 
by a procedure described by Setz.^^e The positive rotation decreases mark- 
edly with increasing temperature; in alcohol this decrease amounts to 
0.515° per degree of temperature rise.^®^“ The dextrorotation of calciferyl 
3,5-dinitrobenzoate, on the other hand, increases with increasing tempera- 
ture. The specific rotations of both calciferol and its 3,5-dinitrobenzoate 
increase substantially with the concentration of the test solution. The 
effects of solvents on the specific rotation are even greater than for ergos- 
terol, but in a generally reversed order, as shown in Table VII in com- 
parison with Table VI, Since the specific rotation of calciferol is highest in 
absolute al(;ohol, and also because calciferol is extremely sensitive to traces 
of hydrogen (?hloride,*“ it is customary to determine the specific rotation 
in alcohol, rather than in chloroform. 

The absorption spectra of calciferol and several of its substituted nitro- 
benzoic acid esters have been studied by Huber et The curve for 
calciferol is smoother than some previously published and shows no evi- 
dence of inflections other than the one broad band at 265 m/i. Identical 
values were obtained in alcohol and hexane, and the curves were also 
identical with those of vitamin Da in the same solvents. The molecular 
extinction coefficient of 18,200 is in good agreement with previously re- 
29U Anderson, A. L. Bacharach, and £. L. Smith, Analyst 62, 430 (1037). 
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ported values, but inferior to the value 19,400 = 490) found by 

P4nau and Hagemann^®® and Crews and Smith.^®^ 

Calciferol gives no precipitate with digitonin. In the well-known color 
reactions, it generally gives weaker and less well-defined colors than ergos- 
terol. These responses arc described by Askew et Windaus et 
and Bacharach et Color reactions of special interest in connection 
with vitamin D are described by Pesez,^^^ Banchetti,^®** Schaltegger,®®® Villar 
Palasf,®®® and De Witt and Sullivan.®®^ I 

The structural formula of calciferol (Fig. 13) was established by Windaus 
and Thiele®®® in 1935 and by Heilbron et in 1936. Their published worn 

TABLE VII 

OpTicAii Rotation of Calciferol® 


Solvent 




Ratio 

Alcohol (absolute) 

-1-125.0** 

+106.25' 

1.18 

Ethyl acetate 

-j-113.25** 

+ 

95.0° 

1.19 

Ether 

-f-105.6** 

4- 

88.75° 

1.19 

Benzene 

-hl02.12‘’ 

4- 

87.5° 

1.17 

Acetone 

-h 99.5° 

4- 

83.5° 

1.19 

n-Hexanc 

4- 66.5° 

+ 

56.25° 

1.18 

Chloroform 

+ 61.75° 

+ 

52.25° 

1.18 


Average value of ratio — 1.18 


® Data from Bacharach et on commercial lots of refined material. 

was the culmination of a long series of attacks on the problems of structure 
which are reviewed by Fieser and Fieser®^® and by Rosenberg.*^ The cor- 
rectness of the formula has been confirmed, and detailed stereochemical 
relations of the atoms within the molecule established, by Crowfoot and 
Dunitz®®^ through a study of the X-ray diffraction pattern of (lalciferyl 
4-iodo-5-nitrobenzoate. 

g, ToxisteroL Substance 2J!fi 

C 28 H 44 O. Melting point about 50®.®®® Narrow absorption band with max- 
imum at 248 m^; molecular extinction coefficient = 18,300.^® [a]f = —16® 
(in chloroform).®®® 

A. Banchetti, Ann, chim. appl, 38, 394 (1948). 

Schaltegger, Helv, Chim, Acta 29, 286 (1946). 

WV. ViUar Palasf, Nature 160, 88 (1947). 

J. B. De Witt and M. X. Sullivan, Ind. Eng. Chern. Anal, Ed. 18, 117 (1946). 

•®* A. Windaus and W. Thiele, Ann. 621, 160 (1936). 

I. M. Heilbron, II. N. Jones, K. M. Samant, and F. S. Spring, J. Chem. Soc. 1936, 
906, 

D. Crowfoot and J. D. Dunitz, Nature 162, 608 (1948). 

Linsert, U. S. Pat. 2,030,377 (1936). 
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In 1927 Morton et extending the work of Pohl,®® showed that when 
ergosterol is irradiated its characteristic absorption bands disappear, and 
a single new band of great intensity develops at 247 or 248 m/x, which in 
turn fades away to weak general absorption in the far ultraviolet region. 
With inadequate biological evidence, the assumption was easily made that 
this new band represeni.ed vitamin D. Smakula,^^^ however, concluded that 
substance 248 was not the vitamin. Bills et showed that the appear- 
ance of the band at 248 m/m coincided not with the development, but with 
the destru(^tion, of antiricketic potency. They, and also van Wijk and 
Reerink,*®® associated substance 248 with isoergostcrol. Cox and Bills®®’ 
(jontributed further c\ddence of relationship to the isoergosterols, but noted 
a point of difference, namely, that substance 248 does not precipitate with 
digitonin. 

Bills et alP^ found that irradiation products withdrawn for examination 
at the moment when substance 248 was at its maximum concentration still 
contained some \dtamin D. Further irradiation totally eliminated anti- 
ricketic activity, while only a small amount of substance 248 was destroyed. 
Laquer and Linsert®^'® attributed a toxic quality to substance 248, and 
proposed the name Toxisterin (toxisterol). The product which they in- 
vestigated still (contained some vitamin D, but not enough to account for 
the relatively great toxicity. It was evidently a mixture similar to the one 
which Hoyle®®® obtained by limited overirradiation and which he reported 
to have toxic-calcifying properties all out of proportion to the antiricketic 
potency. Such a mixture, unfortunately, seems to have been the ‘‘vitamin 
D” of the I. G. Farbenindustrie patent®^® of 1928 (the old Vigantol of toxic 
repute). The claims of this patent, and of the corresponding American 
patent, call for the irradiation of ergosterol to be continued just until 
the absorption spectrum of what is now recognized as toxisterol attains its 
maximum! The mistake was cle-arly the result of assuming, in the absence 
of proper bioassays, that the spectrographically most conspicuous irradia- 
tion product was the vitamin. There is considerable evidence, both spectro- 
graphic and toxicologic, that toxisterol is formed most readily when alcohol 
is the solvent in which the ergosterol is irradiated ®®®‘ 

The purest described preparation of toxisterol is that of the Linsert 
(Farbenindustrie) patent*®® for isolating, from the irradiation products of 

A. van Wijk and E. H. Reerink, Nature 122 , 648 (1928). 

W. M. Cox. Jr., and C. E. Bills, J. Biol Chem, 88, 709 (1930). 

F. Laquer and O. Linsert, Klin. Wochschr. 12 , 763 (1933). 

J. C, Hoyle, J. Pharmacol Exptl Therap. 40, 361 (1930). 

I. G. Farbenindustrie Akiiengesellschaft, British Pat. 296,093 (1928). 

W. Zimmermann and W. Frankenburger, U. S. Pat. 1,896,191 (1933). 

W. E. Dixon and J. C. Hoyle, Brit. Med, J. 2 , 832 (1928) ; L. J. Harris and T. Moore, 

Biochem. J, 22 , 1461 (1929); J. C. Hoyle and H. Buckland, ibid, 28 , 658 (1929); 

R. Kern, M. F. Montgomery, and E. U. Still, J. Biol Chem. 98, 365 (1931). 
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vitamin D, a “product which is essentially characterized by its increasing 
action on the level of blood calcium.’^ According to the example, crj^stal- 
line vitamin D, made from ergosterol, is irradiated in heptane in the ab- 
sence of oxygen until its absorption maximum at 265 m/n substantially 
disappears. The product is converted into the 3,5-dinitrobenzoate, which 
is crystallized free of the suprasterols. Saponification of the dinitrobenzoate, 
which is dextrorotatory, [a]f = +33® in acetone^, m.p. 130°, gives the free 
drug as a whitish powder whicih is levorotatory, = — 1 6° in chloroform. 
(A similar anomalous difference in sign of rotation between dinitrobenzoate 
and free sterol is noted in tachysterola^’^). \ 

The exceptionally low melting point, about 50°, casts some doubt on tHp 
purity of the preparation, but the product is stated to be “practically 
antirachiti(*ally inactive.’’ It is worth noting that the patent description or 
this drug, which was one of a series of blood calcium raising substances 
then under investigation by the I.G. (following the Vigantol episode), 
makes no mention of the term toxisterol and no refennice to the absoiption 
spectrum of the product by which it could be identified as substaiK^e 248. 
Although the isolation of toxisterol has never been des(‘ribed elsewhere 
than in this patent and its European counterparts, the Gorman workers 
appear to have been familiar with toxisterol to the extent, of publishing its 
absorption spectrum showing the extinction <‘oefFi(‘ient.'*® 

h, Suprasterol I 

C28H44O. Three double bonds. General absorption below 250 m^. [a]J? = 
— 76° in chloroform. Melting point 104°. 

Suprasterol II 

C28E44O. Three double bonds. Cieneral absorption below 250 m/u. [a]{® ~ 
+63° in chloroform. Melting point 1 10°. 

The products of extreme overirradiation, the end products of the series, 
were designated Suprasterine by Windaus ct in 1930. They recognized 
two isomers, suprasterol I and suprasterol II, which they separated by 
taking advantage of differences in the solubility of the allophanic aend esters. 
The designations I and II do not refer to seciuence of formation, but to the 
order in which the two allophanates crystallize out of solution. The su- 
prasterols, especially suprasterol II, are much more soluble in organic sol- 
vents than ergosterol. They are unaffected by irradiation. They can be 
distilled unchanged at 190° in vacuo. They do not precipitate with digitonin. 
Of their color reactions, the most (jonspicuous is the intense red violet which 
they give with chloral hydrate. They show no antiricketic activity at dosage 

*** A. Windaus, M. Doppe, and W. Wunderlich, Ann. 638 , 118 (1937). 

A. Windaus, J. Gaede, J. Koser, and G. Stein, Ann. 48S, 17 (1930). 
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levels several times higher than the usual dose for calciferol. They are only 
slightly toxic. 

Suprasterol I crystallizes in fine needles from acetone, and suprasterol II 
in dense prisms from acetone or methanol. Suprasterol I is less sensitive to 
oxidation than ergosterol or calciferol, but slowly yellows in contact Avith 
air; suprasterol II was not observed in this connection. 

From the work of Windaus et and other studies reviewed and ex- 
tended by Muller, it appears that the suprasterols have three double 
bonds and are therefore tetracyclic, but ihe ring structure may not be that 
of the sterols. In other words, the ring closure suffered by calciferol in the 
formation of the suprasterols may not be at the point of rupture of the 
original ring B of ergosterol and lumisierol. Certainly the double bonds are 
no longer in (‘onjugated position, for the suprasterols show no absorption 
bands. 

i. 7-DehydrocholcsteroL Provitamin Dz 

02711440 Molecular Aveight 402.638. Tavo double bonds. Melting 
point 149® to 150°.^® Principal absorption maxima at 262.5, 271, 281.5, and 
293 Molecular extinction coefficient at 281.5 my = 10,920 (in 

alcohol).'-*®' [a]f = —124® (in chloroform).’® 

The scnies of irradiation products AA’hich stem from 7-dchydrocholesterol 
is in every resp(‘ct analogous to ihe ergosterol series, but it has not been 
studied in (^uite as much detail. Windaus et al!.®'® haA^e proposed a nomencla- 
ture for these products, according to Avhich the names of the ergosterol 
series are retained, but a subscript number 3 is added; thus luinisteroU and 
tachysterol^ are the 7-dehydrocholesterol products corresponding to lumi- 
sterol and tachysterol. Similarly, for the 22-dihydroergosterol series the 
subscript 4 is used. 

7-Dehydrochole8terol crystallizes in slender platelets from ether-meth- 
anol.®** It is difficultly soluble in methanol, and readily soluble in ether.’® 
The crystals contain one mole of vAater-®^ Avhich cannot be completely re- 
moved.®® 7-Dehydrocholesterol forms a precipitate with digitonin.®® It also 
gives the color reactions of ergosterol Avith minor differences.®® Its specific 
rotation is a little less strongly le\orotatory than that of ergosterol.’® Its 
absorption spectnim is practically identical with that of ergosterol,®®^*®®® 
and l)esides the four major bands, minor inflections are exhibited at 252, 
321, and 336 m/i.®®® 

7-Dehydrocholesterol is much more unstable than ergosterol.®®* ®®‘* ®*® It 
shows yelloAAung in less than 2 days Avhen exposed to air at room tempera- 
ture, even in the dark. HoAvever, Avhen it is crystallized together with cho- 
lesterol, a remarkable st-abilization results, depending upon the amount of 

H. R. Rosenberg and W. W. Woessner. U. S. Pat. 2,434,015 (1948). 
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cholesterol. Thus a sample containing 59% cholesterol showed no change 
after 5 weeks under the above conditions.®^® The presence of much choles- 
terol may be presumed to have been a fac^tor in the survival of the provi- 
tamin found in the brain of the mummy, mentioned above in another con- 
nection. The substituted nitrobenzoates of 7-dchydro(holesterol are also 
stable. Huber ei have recommended conv’'erting the provitamin into 
its 3,5-dinitrobenzoate, both as a means of purifying it and preserving/it, 
so that fresh samples of the free provitamin can be had at any time merely 
by subjecting the ester to a simple saponification. 

j, Lumisteroh 

C 27 H 44 O. Dimorphous: needles from acetone, melting point 87® to 88 ^; 
mixed forms from methanol, melting point 03® I 0 04®. = +197® in 

chloroform. Absorption spectrum almost the same as that of lumisteroU. 

The initial irradiation product of 7-dehydrocholesierol is lumisterols, iso- 
lated by Windaus et aZ.®^® in 1937. Tt is distinguished from lumisterol 2 by 
the fact that it does not form a molecular addition compound with its cor- 
responding vitamin D. 

k, Tachysteroh 

C 27 H 44 O. Melting point of 3,5-dinitro-4-methyI benzoate 137®. Free form 
has [a I d == —11.5® in ^^Normalbenzin,’^ but the ester is dextrorotatory. 
Absorption spectrum like that of tachysteroU, but somewhat less intense. 

From the irradiation products of 7-dehydrocholesterol, tachysterob was 
isolated by Windaus ei in 1937. Like tachysterol?, it does not crystal- 
lize, but forms crystallizable esters. 

Z. Precalciferoh 

Melting point of 3,5-dinitrobenzoate 110® to 111®, [ajj? of 
3,5-dinitrobenzoate = +52® in chloroform and +38.5® in benzene, with 
mutarotation. 

Velluz et < 2 ?.®^® in 1949 obtained precalciferoh in the form of its 3,6-di- 
nitrobenzoate, which crystallizes in pale yellow, thread-like needles not 
exhibiting the dimorphism of the corresponding ester of vitamin Dg. The 
free form does not crystallize. The free (or ester) form exists in solution in 
equilibrium with the corresponding free (or ester) form of vitamin Ds, 
with the vitamin (or ester) predominating. 

m. Vitamin D9. Caldferolz- Chotecalciferol 

C27H44O. Three double bonds. Melting point 84® to 85®.*®' • Broad ab- 
sorption band with maximum at 265 m/i; molecular extinction coefficient 
« 18,200 in alcohol or hexane.*®' [a]f == +84.8® in acetone.*®^ 

L. Velluz and G. Amiard, Compt. rend, 228, 1037 (1949); L. Velluz, G. Amiard, and 

A. Petit, Bull. 8OC. chim, France 16, 501 (1949). 
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Vitamin D 3 was obtained in crystalline form by Schenck®^*^ in 1937. The 
isolation procedure was essentially the same as for calciferol, i.e., purifica- 
tion via the 3,5-dinitrobenzoate, followed by saponification. Vitamin Ds is 
more difficult to crystallize than D 2 , and the yields are inferior.*®^ - 
There has been described a double compound of the vitamin with cholesterol 
(or with cholestanol or coprosterol), which crystallizes in good yield and 
represents the most economical way to obtain a preparation of uniform 
purity.®®^’ ®^® The constants of the esters of vitamin D 3 are shown in Table 
VIIL 

Pure crystalline vitamin D 3 is slightly more stable than D 2 , and much 
more stable than its precursor, 7-dehydrocholesterol. Considerable deteri- 
oration occurs in 72 hours when the vitamin is exposed to air at room tem- 
perature, even in brown bottles. Deterioration is negligible after 12 months’ 
storage in evacuated amber ampules at refrigerator temperature.®®^ The 
complex with cholesterol is less stable than the pure vitamin.®®^ As with 
calciferol, the various nitrobenzoic. acid esters of vitamin D 3 are remarkably 
stable. They remain unchanged for at least 5 years with no special pre- 
cautions other than the avoidance of light. Solutions of vitamin D 3 in edible 
oils or in propylene glycol and dispersions of it in canned milk have excel- 
lent keeping qualities, <jven under severe conditions.®®’ 

Vitamin D 3 is sensitive to hydrogen chloride.®^^ It does not give a pre- 
cipitate with digitonin.3^’ It gives a yellow color in the antimony trichloride 
reaction.®^’ In these respects, as well as in optical properties and chemical 
reactions, it reveals its similarity to calciferol. The similarity in most 
non-biological properties and reactions of these two forms of vitamin D 
supports the quip that only a bird can tell them apart. 

5. Minor and Obscure Forms 

The number of steroids which exhibit antiricketic action is considerable, 
but many of them are so vaguely characterized that an exact count is im- 
possible. In attempting to enumerate them, one is confronted with the in- 
adequacy of many reported animal tests and with the probability that, if 
tests were conducted differently, the number of recognized vitamins D 
would be larger. There is also the problem of contamination, which has 
confused investigators ever since the first crude cholesterol was irradiated 
and which now is involved in the so-called vitamin Ds, or activated 7-de- 
hydrositosterol. I.»astly, there is the factor of the occasional bad assay, 
which, according to the statisticians, appears even in the best-regulated 
laboratories at unpredictable times. 

F. Sohenck, NaturwiBsenaehaften 25, 159 (1937); A. Windaus and F, Schenek, 

U. §. Pat. 2,099,660 (1937). 

A. Windaus, F. Schenok, and F. von Werder, Hoppe-Sayler^a Z, physiol. Chm. 

241, 100 (1936). 

O. Linsert, U. S. Pat, 2,264,320 (1941), 
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TABLE VIII 
Vitamin D Estebb 


Ester, reference 

Melting point, *C. 

Specific rotation 

Calciferyl (Vitamin D 2 ) ace- 

86 

[alsTQo +38® acetone 

tate*“ 

Calciferyl allophanate**® 

194-195 

[a]? =s +50.4® chloroform 

Calciferyl anisate®*® 

99.5-101 

[«1d - +120® chloroform 

Calciferyl benzoate®®® 

92 

[otlfiTw ~ +100®acetone 

Monocalciferyl esters of n-bu- 

90-100 decomp. 


tane-1 , 2,3,4- tetracarbox- 
ylic acid (unseparated iso- 
mers)*®® 

Calciferyl chaulmoograte®®® 

S3 

[alsTDo — +52® chloroform 

Calciferyl 2-chloro-3 , 5-dini- 

132 

[«1d ® +60® acetone 

trobcnzoate^** 

Calciferyl 3,5-dinitrobenzo- 

147-149 

[“] 546 i = +69® benzene 

ate*®*. 297a 

Calciferyl 3 , 5-dinitrobenzo- 

140-147 

[«]? = +91.5“ chloroform 

ate*« 

Calciferyl 3 , 5-dinitrobenzo- 


[a]J® +86.5® acetone 

ate®»7 

Calciferyl 3,5-dinitro-4-meth- 

116-117 

[a]? - +95.8“ chloroform 

ylbenzoate®97 

Calciferyl jS-naphthoate®*’® 

132 

[a]? = +150“ chloroform 

Calciferyl 4-nitrobenzoatc®97 

94,5-95 

[ali? = +105.2“ chloroform 

Calciferyl 3-nitro-4-methyl- 

119-120 

[olS’ = +106.8“ chloroform 

benzoate® 97 

Calciferyl oleate®*® 

Liquid 

[af]&78o = +18.7® chloroform 

Calciferyl phenylurethane®*® 

122 

[ofli* = +49.2® chloroform 

Calciferyl propionate®*® 

77 

[aj679o — +.37.6® acetone 

Vitamin Dj anisate*** 

114 

Ml » +127® chloroform 

Vitamin Dg 3,5-dinitroben- 
zoate (dimorphous) 

From benzene-methanol*97 

132 

[aj? = +97.9® chloroform 

From ether997 

141 


Leaflets**® 

142 

[a]? +97® chloroform 

Needles**® 

150 

- 

Vitamin Dg 3,5-^initro-4- 

128-129 

Mf « +106.6® chloroform 

methylbenzoate*®® 

Vitamin Dg 4-nitrobenzoate®®* 

125-126 

[«]? ** +114.6® chloroform 

Vitamin Dg 3, 5-dinitrobenzo- 

127-128 

Wd “ +93.2® acetone 

ate”* 

Vitamin Dm 3, 5-dinitrobenzo- 

128-128.5 

[ajo “ +92® chloroform 

ate**. 
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(1) Of the minor forms, the best known is vitamin D4, produced by the 
irradiation of 22-dihydroergosterol. Windaus and Trautmann®®® in 1937 
prepared this vitamin in crystalline form. Windaus and Giintzel*®^ repeated 
the preparation, and also isolated other members of the irradiation series, 
namely, lumisteroU, tachysteroU, and suprasterol II4. Vitamin D4 crystal- 
lizes out of acetone in long needles, m.p. 96® to 98®, [a]^ = +85.7® in 
acetone, spectrum similar to that of calciferol.®®^ The potency of the crystal- 
line vitamin amounts to 20,000 to 30,000 LIT. per milligram for the rat®®® 
(50% to 75% of the value of D2 or D3). The chick-rat efficacy ratio of vi- 
tamin D4 may be estimated, from the findings of McDonald®® and Grab,®^ 
at about 20%, which places it between D2 (1 %) and D3 (100%), quite in 
keeping with its structure. Vitamin D4 ranks as a minor form only because 
it has received no practical application. 

(2) The vitamins D produced by the irradiation of mollusk provitamins 
are obscure forms chemically but important commercially because they are 
widely used in poultry feeding. As indicated in the discussion headed Pro- 
vitamins D of Invertebrates, the provitamins of different mollusks, even 
w+en “pure” spectrographically, differ from each other and from any chem- 
ically know’ll form of provitamin D. They are probably mixtures, perhaps 
containing some 7-dehydrocholesterol and occasionally a little ergosterol, 
but predominantly composed of other sterols, such as the provitamin of 
Petering and WaddelP^ w+ich appears to have 29 carbon atoms. The vi- 
tamin D obtained from pro\atamin is notable for exhibiting a chick- 
rat efficacy ratio somewhat above 100%. It has been crystallized in 
the form of its 3,5-dinitrobenzoate, m.p. 128® to 128.5®, [ajp = +92® in 
chloroform. Even though this may not be a pure substance, there is no 
doubt but that it represents an obscure vitamin D characterized by high 
efficacy and high moleimlar weight. 

(3) In the discussion of vitamin D in fish oils, it was shown that several 
forms are present, although only D2 and D3 have been identified. One of 
the minor forms detected in cod liver oil by Hickman and Gray^®® exhibited 
a boiling point in molecular distillation so low as to suggest the absence of 
any side chain in the molecule at C-17. This form, in a chick-rat assay, was 
found to have an efficacy ratio of betw^een 25 % and 50 %. It must be re- 
garded as a distinct form of vitamin D. 

(4) It has been amply demonstrated by Waddell,®® Bills et oZ.,^®® Remp 
and Marshall,®®® and others that, rat unit for rat unit, vitamin Ds and cod 
liver oil are about equally effective for chicks. From this has come the un- 

•®® A. Windaus and G. Trautmann, Hoppe-Seyler'a Z. physiol, Chem, 247, 186 (1937); 

A. Windaus, U. S. Pat. 2,128,199 (1938). 

*** A. Windaus and B. GUntzel, Ann, 688, 120 (1939). 

D. G. Remp and I. H. Marshall, J. Nutrition 15 , 625 (1938). 
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warranted deduction, occasionally seen in medical literature, that vitamin 
Da is the vitamin D of cod liver oil. It has been shown by Matterson et 
and by Waddell and Kennedy®®^ that, when vitamin Da and cod liver 
oil are standardized with chicks kept on a diet in which most of the phos- 
phorus is inorganic (e.g., the A.O.A.C. diet), and then again assayed with 
chicks or turkey poults kept on a diet in which most of the phosphorus is 
phytic, the vitamin Da is found to be much more effective than the vitamin 
D of cod liver oil. This can mean only that vitamin Da is not the domir ant 
vitamin D of cod liver oil and that the dominant form (or forms) of vitamin 
D in cod liver oil is something different from any recognized form. \ 

(5) In determining the efficacy ratios of the liver oils of twenty-five species 
of fish. Bills et found a few oils with a ratio much above 100. The ej^- 
treme example was the liver oil of the white sea bass, Cynosdon nobilis, 
which had a ratio of about 300. This oil, when subjected to molecular dis- 
tillation,^®* showed an exceptionally pure elimination curve, indicative of a 
preponderance of one form of vitamin D. If the assays (*an be confirmed, 
it will be established that white sea bass liver oil contains a new form of 
vitamin D characterized by the highest known efficacy ratio. 

(6) Windaus and Trautmann®*® and Dimroth and Paland^^ briefly men- 
tion the irradiation product of 22,23-oxidoergosterol. Described only as a 
feebly active product, this is presumably 22,23-oxidocalciferol. 

(7) Windaus and Buchholz®*® have prepared an oily ketone of vitamin D 2 
which was probably uncontaminated with traces of the vitamin, and which 
exhibited about 3^00 of f^e potency of the vitamin in tests with rats. 

( 8 ) McDonald has found that by the irradiation of 7 -hydroxy choles- 
terol (or an impurity associated therewith) a slight antiricketic potency is 
developed. Conceivably, the irradiation causes dehydration, with the for- 
mation of traces of 7 -dehydrocholesterol, in which case the vitamin pro- 
duced would not be a new form, but merely D 3 . 

(9) Weinhouse and Kharasch®*^ claim to have produced a form of vitamin 
D by irradiating the heated reaction product of 7-ketocholesteryl acetate 
and isobutyl magnesium bromide. 

(10) In the section headed Chemical Structure and Activatability, men- 
tion was made of the vitamin D from 7-dehydrocampesterol. Corresponding 
to the structure of its precursor, this vitamin can be regarded as the C-24 
epimer of vitamin D4. 

(11) The vitamin D from epiergosterol is, presumably, epicalciferol. 

L, D. Matterson, H. M. Scott, and E. P. Singsen, J. Nutrition 599 (1946). 

^ J. Waddell and G. H. Kennedy, /. Assoc, Official Agr, Chemists 90, 190 (1947). 

A. Windaus and K. Buchholz, Hoppe-Seyler^s Z. physiol, Chem. 256, 273 (1938). 

G. McDonald, cited by C. E. Bills, The Vitamins, Chapter xxiii. American 

^dical A;SBOciation, Chicago, 1939. 

S- Weinhouse and M. S. Kharasch, J, Org, Chem, 1, 490 (1936). 
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(12) The vitamin D from 7-dehydroepicholesterol is, by the same analogy, 
epicalciferols. 

(13) The compound dihydrotachysterol, better known under its trade 
names A. T. 10 (anti-tetany compound No. 10) and Hytakerol, possesses 
some antiricketic activity, in addition to its useful property of elevating 
blood calcium in parathyroid tetany. It was obtained by von Werder*^* in 
1939 by the reduction of tacjhysteryl 3,5-dinitro-4-methylbenzoate with 
sodium and alcohol, followed by saponification and chromatographic puri- 
fication. This drug should not be confused with its isomer, 22-dihydro- 
tachysterol (tachysteroU), which is a product of the irradiation of 22-dihy- 
droergosterol or of the reduction of tachysteryl acetate adduct with 
hydrogen. The side-chain double bond in dihydrotachysterol is intact, the 
reduction being effected in ring A. With the reduction there occurs a migra- 
tion of the remaining double bonds into the alignment characteristic of 
calciferol. Thus, although the product is genetically dihydrotachysterol, it is 
chemically a dihydrocalciferol, differing structurally from the latter only in 
that the methylene group at C-19 is reduced. With this simple change, the 
compound loses most of its antiricketic activity, while retaining a relatively 
large proportion of its blood calcium-elevating a(;tivity. 

Dihydrotacjhystorol, (^2811460, crystallizes in colorless needles from 90% 
methanol. It is easily soluble in organic solvents. It has m.p. 125® to 127®, 
1 «Jd^ == +97,5° in (chloroform, strong absorption maxima at wavelengths 
242, 251, and 201 Somewhat varying reports on its antiricketic 

effectiveness has been made by von Werder,®^* Correll,®"® McChesney,^® 
Motzok,®“‘ and others. It appears to have a potency of about 90 LU. per 
milligram for rats, which is between }ioo and J^oo of potency of 
calciferol and the same as the potency of tachysterol itself. When compared 
with cod liver oil or vitamin Da with rats and chicks, it shows an efficacy 
ratio of 400 to 750%. Willgeroth et claim that it is somewhat more 
effective on turkey poults than on chicks. 

(14) In 1928 Bills et ai.,®® repeating the work of the English and German 
workers in destroying the provitamin D in ordinary cholesterol, found that 
treatment with charcoal or bromine never resulted in a total, but only in 
a relative (to about reduction of activatability. Samples so treated, 
when examined spectrographically in sufficiently high concentrations, still 
showed the characteristic provitamin bands, and, also, tvro new bands at 

**» P. von Werder, Hoppe-Seyler^a Z, physiol, Chem, 900, 119 (1939); U. S. Pat. 

2,228,491 (1941). 

J. T. Correll and E. C. Wise, /. Nutntion 23, 217 (1942). 

E. W. McChosney, J, Nutrition 20, 81, 487 (1943). 

I. Motzok, D. C. Hill, and H. D. Branion, Poultry Sci, 26, 044 (1946). 

G. B, WiHgeroth, J. L. Halpin, H. 11. Halloran, and J. C. Fritz, J. Assoe, Official 

Agr. Chemists 27, 289 (1944). 
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wavelengths 304 and 315 m/i. Heilbron et al?^ suggested that the extra 
bands might be those of cholesterilene, which is non-activatable and hence 
drrelevant. Other studies with specially purified cholesterol are discussed in 
the author’s review of the multiple nature of vitamin It will suffice 
here to note that Hathaway and Lobb®®^ performed chick-rat assays on the 
irradiation product of cholesterol which had been purified via the dibro- 
mide. They found that its efficacy ratio was very low, in a class with that 
of irradiated ergosterol. Since no known cholesterol derivative has a ow 
efficacy ratio, and since ergosterol could not have survived brominaiion and 
could not have been formed anew from a sterol of lower molecular weight, 
it must be concluded that the irradiated purified (cholesterol contaiiicd\a 
new form of vitamin D. Presumably the provitamin was the substanAe 
which showed the absorption bands in the Bills preparation, and which orig- 
inated during or after the debromination of the cholesterol dibromidc. 

Koch et aZ.,®®® in a series of papers summarized®®® in H)35, found that by 
strongly heating highly purified cholesterol in the presence of traces of 
oxygen, the provitamin D activity could be enhanced 100 times. The typi- 
cal provitamin spectrum was not observed, but it may have been present 
and obscured by a strong general absorption. Waddell®®^ found that by 
heating the cholesterol in the presence of water, the provitamin I.) activity 
could be enhanced 100 to 150 times. The vitamin D from heat-t reated (cho- 
lesterol was found by Hathaway and Lobl)®®^ and Waddell®®^ to ha\'e a high 
efficacy ratio in chick-rat assays. This fact, together with the later work 
on the synthesis of provitamins I), makes it seem probable that the pro- 
vitamin formed by heating cholesterol is 7-dehydrocholesterol. Unless this 
assumption is disproved, one cannot regard the vitamin D from irradiated 
heat-treated cholesterol as a new form. 

(15) Meunier and Thibaudet®®® have prepared a monoiodocalciferol, m.p. 
150®, which is at least as potent as the parent substance. Removal of the 
iodine with hyposulfite yielded tachysterol. 

(16) Bills and McDonald®®® treated ergosterol with ethyl nitrite, and then 
treated the prcxiuct with isopropylamine, obtaining a substance which 
diowed a trivial antiricketic action with rats. Since the conventional fonUg 

L M. Heilbron, R. A. Morton, and W. A. Sexton, Nature 121, 452 (1928). 

M. L. Hathaway and D. E. Lobb, /. BwL Chem. 118, 105 (1936). 

»»• F. 0. Koch, E. M. Koch, and I. K. Ragins, J. Biol, Chem. 86, 141 (1929); E. M. 

Koch, P. C. Koch, and H. B. Lemon, ibid. 85, 159 (1929); M. L. Hathaway and 

F. C. Koch, ibid. 108, 773 (1935). 

M. Koch and F. C. Koch, Science 82, 394 (1935). 
w J. Waddell, U. S. Pat. 2,028,364 (1936). 

P, Meunier and G. Thibaudet, Compt. rend. 228, 172 (1946). 

Bill* and F. G. McDonald, cited by C. E, Bills, Cold Spring Harbor Symposia 
f tiwmL Biol a, 328 (1935). 
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of vitamin D are destroyed by nitrites, this active substance must be differ- 
ent from any known form of vitamin D. 

(17) The oldest of the minor forms is the antiricketic product which Bills 
and McDonald^^® made in 1926 by treating cholesterol with fuller^s earth. 
Its potency was trivial, but interesting at the time in view of the irradiated 
cholesterol which had been discovered the year before. The preparation was 
repeated by Kon ei a/ and later the reaction was investigated by Yoder, 
who identified the product as a sulfonated cholesteriline which resulted 
from dehydration followed by sulfonation attributed to traces of sulfur 
trioxide in the preheated acid clay. In a series of experiments Yoder and 
his associates®^'-^ worked out the details of “antiricketic sulfonation” and 
found that a considerable family of hydroxy steroids can be activated by 
this means. One of the treatments was essentially the Liebermann reaction. 
The potency attained was never high by irradiation standards, and the 
healing action on rats was often accompanied by weight loss. Yoder and 
Thomas®^® have reported that the product from cholesterol has an exception- 
ally high chick-rat efficacy ratio. 

According to Raoul et the action of sulfuric acid on cholesterol in the 
Liebermann and Salkowski reactions results in the formation of an “ether- 
oxide” of “tachystcrol” (meaning ditachysteryb ether?), which, in an ioniz- 
ing solvent, and without irradiation, transforms itself into “vitamin 
The French authors state, “These experiments teach that it is not sulfo- 
nation which is the cause of the transformation of cholesterol into an anti- 
ricketic product. There is really formed a vitamin D by the intermediary 
of ta(jhysterol under the sole influence of ionizations of various origins 
(acetyl chloride, acetic anhydride, sulfuric acid) as two of us envisaged in 
1947,” The claim that vitamin D can be made from cholesterol by a simple 
chemical treatment is most interesting, but the description of what happens 
is unclear and lacks explanation of the required dehydrogenation step. In 
a later paper, Raoul et admit that the antiricketic compound formed 
is not vitamin D 3 . It seems w^ell established that Yoder^s active preparations 
are monosulfonated unsaturated hydrocarbons, but it may be that products 
of the type studied by Raoul are also formed in the same reactions. 

C. E. Bills and F. G. McDonald, /, Biol Chem. 87, 753 (1926). 

L. Yoder, J. Bioh Chem. 116, 71 (1936). 

J. C. Eck, B. H. Thomas, and L. Yoder, J. Biol Chm. 117 , 656 (1937); J. C. Eck 
and B. H. Thomas, ibid. 119 , 621, 631 (1937); 128 , 257 (1939); L. Yoder and B. H. 
Thomas, ibid. 178 , 363 (1949); Ind. Eng. Cheni. 41 , 2286 (1949). 

L. Yoder and B. H. Thomas, Arch. Biochem. and Biophya. 82, 14 (1961). 

Y. Raoul, J. Chopin, P. Meunier, A. Ou4rillot-Vinet, and N. Le Boulch, Compl 
rend. 229 , 259 (1949); Y. Raoul, J. Chopin, P. Meunier, N. Le Boulch, and A. Gu4- 
riliot-Vinet, ibid. 282 , 1154 (1951). 

Y. Raoul, N. Le Boulch, P. Meunier, J. Chopin, and A. Gu^rillot-Vinet, Comnl 
rend. 282 , 1258 (1951). 
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m. Industrial Preparation 

CHARLES E. BILLS 

The patent index in Rosenberg’s^ book bears witness to the effort and 
ingenuity which have been applied to the industrial development of vitamin 
D. The index includes 242 titles and short abstracts of the more important 
United States and foreign patents through 1941. i 

The preparation of fish oils is described in Tressler and Lemon’s^ “Maiine 
Products of Commerce” and especially in Brocklesby’s^ ‘‘Chemistry md 
Technology of Marine Animal Oils.” The ancient method of rendering fflsh 
liver oils by the natural disintegration of livers began to be replaced by 
steam cooking about the middle of the nineteenth century.^ With technici^l 
improvements, steaming sufficed for most vitamin oil production until 
about 1933, when interest developed in the production of high-potency oils 
from low-yield livers. 

Nearly all high-potency fish liver oils are manufactured by a process 
based on the liquefaction of the liver with alkali. This process w’^as worked 
out independently and at about the same time by Young and Robinson^ 
and Wallenmeyer.® Sufficient, alkali is added to the livers so that, with 
heating, they go into solution, but the amount of alkali is limited so that 
substantial saponification of the oil does not occur. The oil is then separated 
centrifugally from the aqueous liquor, washed, and refined as desired. The 
vitamin D in liver oils is remarkably stable, but in consideration of the 
less stable vitamin A, the oils are usually stored under inert gas or in tanks 
with floating tops. 

The patent literature contains many references to equipment designed 
for the antiricketic activation of foods under the basic Steenbock^ patent. 
The common aim in these inventions is the brief exposure of a shallow, 
moving layer to the rays of a mercury or carbon arc. Milk, because of its 
suitability for treatment, and its importance to infants and children, has 
been most extensively activated. A representative apparatus for irradiating 
milk is shown in Fig. 14. Direct activation of milk is practiced less now than 
formerly; instead, fortification with vitamin D is accomplished by the 

^ H. R. Rosenberg, Chemistry and Physiology of the Vitamins. Interscience Pub- 
lishers, New York, 1946. 

* D. K. Tressler and J. McW. Lemon, Marine Products of Commerce. Reinhold 
Publishing Corp., New York, 1951. 

* H, N. Brocklesby, Chemistry and Technology of Marine Animal Oils with Par- 
ticular Reference to Those of Canada. Fisheries Research Board of Canada, Ot- 
taw^a 1941 

‘ C. e! Bilte, Chem. Revs. 3, 426 (1927). 

»F. H. Young and H. D. Robinson, U.S. Pat. 2,136,481 (1938). 

*J. C. Wallenmeyer, Mexican Pat. 36,140 (1934). 

^a. Steenbock, Science 60, 224 (1924); U.S. Pat. 1,680,818 (1928). 
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addition of concentrated fatty emulsions or propylene glycol solutions of 
vitamin D2 or Ds. Milk can also be fortified by irradiating the cow or feed- 



Fiq. 14. Irradiating unit for milk and other aqueous fluids. From the regulating 
chamber at the left, the milk enters the annular top trough, flows over the weir, 
and cascades down the wall of the tank to the bottom trough. Carbon arc lamp and 
fume exit shown swung out of position. Forced air for ventilation enters at bottom. 
(Courtesy of National Carbon Co.) 

ing the cow irradiated yeast. The vitamin D in irradiated milk, or milk from 
irradiated cows, presumably is vitamin D#; in mUk from cows fed irradiated 
yeast it is vitamin Ds. 
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Concentrated preparations of vitamins D2, D3, and Dm are produced in 
a much greater total unitage than fish oils for medicinal use and animal 
feeding. The manufacture of fish oils has continued at a high level because 
of their importance as a source of vitamin A, but since 1950, with the ad- 
vent of S 3 mthetic vitamin A at low cost, the trend to replacement by S 3 m- 
thetics has been accelerated. The end use, as well as the source, of vitamin D 
has undergone great change. In 1925 vitamin D, then almost solely in jthe 
form of cod liver oil, was used principally to cure rickets in children. iBy 
1950 florid rickets had become a rarity, thanks to the use of vitamin d\ in 
many forms to prevent it. During the same period, the use of vitamin Dun 
poultry raising expanded from the experimental stage to the principal field 
for this vitamin. \ 

The first synthetic vitamin D manufactured in the United States was 
produced by pumping a peanut oil solution of ergosterol through the cooling 
jacket of a quartz mercury vapor lamp and then through a heat exchanger, 
cyclically, until the desired conversion was effected.® A more efficient unit, 
employing the carbon arc, and designed to activate provitamins D in 
transparent solvents, is shown in Fig. 15. This unit, still in use after more 
than twenty years, has a daily capacity of the equivalent of 8 metric toni^ 
of cod liver oil. In a different arrangement, shown in Fig. 16, the solution 
flows through a series of activating units, each containing a water-cooled 
Hanovia lamp and an outer quartz chamber for the provitamin D solution. 

In commercial practice, ether is usually the preferred solvent. The irradia- 
tion is continued until a certain percentage of the provitamin is transformed, 
the exact amount being determined for optimum vitamin yield under the 
conditions of exposure, particularly the type of light source and the kind 
of provitamin. Usually not over 50% transformation is allowed. The un- 
changed provitamin is recovered by evaporating the solvent, taking up the 
resin in methanol, and freezing out. After the methanol is removed, the 
resin is either dissolved without further. treatment in an edible oil, or it is 
converted into 3,5-dinitrobenzoate for the preparation of crystalline vita- 
min D. 

Some manufacturers use light filters, and others do not. The advantages 
in yield gained by using light of about X 280 vcip are more or less offset by 
the loss of light, but filtered light is probably advantageous when minimal 
accumulation of tachysterol is desired, as in the production of crystalline 
vitamin D. Some choice of wavelengths is available to users of carbon arcs, 
for carbons can be purchased with different core materials, and large users 
can even have them made to order. The hot mercury arc differs spectrally 
from the cold, but both are rich in the shorter waves, the cold especially so. 

It is customary to exclude oxygen during irradiation, either by using 

®C. E. Bills, U.S. Pats. 1,808,760 (1931); 1,848,306 (1932). 




Fig. 15. Apparatus for the activation of ergosterol. The light source is an alter- 
nating current carbon arc operating at 40 volts, 40 amperes across the terminals- 
By the use of a constant current (floating secondary) transformer and a system of 
relays sensitive to voltage changes, the automatic feeding of the carbons is closely 
regulated. Equidistant from the arc four fused quartz flasks are located, each of 1 
liter bulb capacity. The neck of each is greatly extended, so as to form the inner tube 
of a reflux condenser. Refrigerated water is circulated through the insulated jacket. 
40 g. of ergosterol and 3600 cc. of purified ether constitute a charge. CO 2 is passed 
through the solution to expel air, and immediately the open end of the condenser is 
capped with a toy balloon. Thus in the “breathing** incident to irregular boiling, 
the system is compelled to breathe its own breath, and ingress of air is prevented. 
(After Bills et aL^^) 
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closed fifystems or by replacing the air over solutions with inert gas. Ether 
used as a solvent should be peroxide-free. Stabilizers added to the solution 
are claimed to greatly increase the yield of vitamin. Among these, various 
sugar amines have been employed.® The most effective stabilizers appear to 
be the non-provitamin D sterols, such as cholesterol or the inactivatable 
fraction of mollusk sterols. Waddell and Woessner^® claim that in the activa- 



Fig. 16. Irradiating units in series for vitamin D production. Each unit consists of 
a vertical quartz mercury lamp surrounded by two cylindrical chambers through 
which water circulates for cooling. The solution of ergosterol or other provitamin D 
is circulated through a third cylindrical chamber. (Courtesy of K. R. Squibb and 
Sons.) 

tion <rf 7-dehydrocholesterol the presence of an equal amount of cholesterol 
increases the vitamin yield almost 40%, besides enhancing the recovery of 
unconverted provitamin. The highly unstable provitamins D of mollusks 
ate protected by the non-provitamin D sterols which naturally accompany 
them. When, in the course of repeated irradiations, the protecting sterols 
of the mollusk sterol mixture accumulate excessively, they can be removed 
aiid converted into provitamins by reactions analogous to those employed 
in synthesis of 7-dehydrocholesterol.^' The stabilization of provitamins 

iiS, W. Elley and J. Waddell, U.S. Pat. 2,234,664 (1941). 

Waddell and W. W. Woessner, U.S. Pat. 2,410,264 (1946). 

'h H. E. Rosenberg, UJ5. Pat. 2,476,917 (1949). 
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by other sterols occurs not only in activation by irradiation, but in the less 
widely practiced activation in the vapor phase by a high-frequency elec- 
trical discharge.^* 


IV. Estimation 

CHARLES E. BILLS 

Vitamin D is the only one of the better-known vitamins for which 
physical or chemical methods of estimation have not largely replaced bi- 
ological methods. The reason for this is plain: vitamin D is so potent that 
even in the richer sources its concentration is usually minute. Conversely, 
the substances which interfere with physical or chemical determination of 
it are likely to be present in relatively overwhelming amounts. In biological 
assays, however, rats or chicks show measurable responses to vitamin D 
when it is present in their diet in amounts as little as 1 part in several 
hundred million. Interference with the biological response occurs only when 
comparatively gross quantities of materials such as phosphates are en- 
countered. 

With the publication of Gyorgy's ^‘Vitamin Methods,^’^ the art of esti- 
mating vitamins is presented in two volumes. Therefore, the techniques will 
be presented here only in outline, in order to guide the reader to the 
more detailed sources of information. 

A. PHYSICAL METHODS 

In very concentrated forms, vitamin D can be estimated by purely 
physical means. Thus Pirlot*^ recommends infrared spectrophotometry for 
determining calciferol in the irradiation products of ergosterol. For calciferol 
itself, or concentrated oily solutions thereof, P4nau and Hagemann* em- 
ployed ultraviolet spectrophotometry. The estimation, based on the ex- 
tiiuition at X 265 raM, is straightforw^ard, provided that the absorption curve 
is normal. If there is displacement of the maximum, accentuated asym- 
metry, or other abnormality, the presence of impurities or degradation 
products is indicated. Concentrated oily solutions are diluted with choloro- 
form and absolute alcohol to make a 0.0015% solution of calciferol. The 
extinction is determined, and correction is made for the oil, if known. If the 
oil is unknown, the unsaponifiable fraction is separated, and allowance is 
made for saponification loss, which usually amounts to about 7.5 %. 

C. E. Bills, F. G. McDonald, L. N BeMiller, G. E. Steel, and M. Nussmi^r, 

J. Biol. Chem. 98, 775 (1931). 

' P. GySrgy, Vitamin Methods. Academic Press, New York, 1950-1951. 

* G. Pirloti Anal Chim. Acta 2 , 744 (1948) IC.A. 48 , 7997 (1949)). 

’ H. Pdaau and G. Hagemann, Helv, Chim. Acta 89i 1366 (1946). 
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B. CHEMICAL METHODS 

A drawback to direct spectrophotometric estimation is the fact that the 
absorption maximum of vitamin D lies at 265 m/x, a region where ultra- 
violet dirt is especially likely to show up. Accordingly, in the devising of 
chemical methods of estimation, it has been sought to form strong and 
stable colors in the visible range, less susceptible to irrelevant absorption, 
and, of course, as nearly as possible specific to the vitamin. 

The most vddely used color reaction is that given by antimony trichlor 
and first applied to pure vitamin D2 by Askew et al.^ A deep yellow cc 
is developed, with the absorption maximum at 500 mfi. Nield et al.^ 
creased the sensitmty of the reaction to the point where they could measure 
the color given by 0.2 7 of calciferol, and they also increased the permanence 
of the color. Milas et al^ applied modifications of the reaction to the assay 
of fish liver oils. In one procedure they made interference corrections for 
sterols and vitamin A, and in their preferred method they first removed the 
interfering substances by coupling them vnth maleic anhydride and then 
measured the color developed at 500 m^. They were able to get fairly good 
agreement ^\dth bioassays in the case of fish oils containing 10,000 units or 
more of vitamin D per gram. 

Details of the antimony trichloride reaction were worked out by Vacher 
et Shantz,® Nielsen,® and others. The important step of chromatographic 
purification was introduced and improved successively by Ewing et 
De Witt and Sullivan,^^ Muller,^® E\ring et oZ.,^® and Fujita and Aoyama.^^ 
Under favorable conditions the pigment generated in this reaction from 
vitamin D2 or D3 shows = 1800 at 500 m/x.® This is an intense absorp- 
tion, nearly four times as great as that of the vitamin itself at 265 m/x, and 
comparable with that of strongly absorbing dyes such as fuchsin. Hence it 
seems unlikely that efforts to find a better color reaction will substantially 
improve upon this one with regard to intensity of color, although there is 

• F. A, Askew, R. B. Bourdillon, H. M. Bruce, R. K. Callow, J. St. L. Philpot, 

and T. A. Webster, Proc. Roy, Soc. (London) BIOS, 488 (1932). 

• C. H. Nield, W. C. Russell, and A. Zimmerli, J. Biol. Chem. 136, 73 (1040). 

• N. A. Milas, R. Heggie, and J. A. Raynolds, Ind. Eng. Chem. Anal. Ed. 13, 227 

(1941). 

^ M. Vacher, Y. Lortie, and H. Colson, Bull. aoc. chim. hiol. 26, 206 (1944). 

• E. M. Shantz, Ind. Eng. Chem. AncU. Ed. 16, 179 (1944). 

• P. B. Nielsen, Nutrition Abstracts Revs. 19, 57 (1949). 

T. Ewing, G. V. Kingsley, R. A. Brown, and A. D. Emmett, Ind. Eng. Chem. 

Anal Ed. 16, 301 (1943). 

“ J, B. De Witt and M. X. Sullivan, Ind. Erhg. Chem. Anal. Ed. 18, 117 (1946). 

« P. h. MtiUer, Helv. Chim. Acta 30, 1172 (1947). 

w D. T, Ewing, M. J. Powell, R. A. Brown, and A. D. Emmett, Anal. Chem. 82, 317 

a^). 

^ A. Fujita and M. Aoyama, J. Bioehem. (Japan) 87, 113 (1950). 
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room for improvement with regard to permanence and specificity. In its 
more highly developed forms, the antimony trichloride reaction and its 
associated steps of purification are complicated procedures, which give 
fairly reliable estimations with oily solutions containing 5000 or 10,000 
I.U. per gram or more of vitamin D. 

Another color reaction has been described by Sobel et With a chloro- 
form solution of dichlorohydrin and acetyl chloride, vitamin D gives a green 
color with peak absorption at 625 m/u. The color is more stable and more 
nearly specific than that of the antimony trichloride reaction. Rouir and 
Pirlot,^® applying Sobel’s reaction to pharmaceuticals, stressed the impor- 
tance of correcting for oil. CampbelP^ increased the sensitivity of the re- 
action twentyfold, which makes it only five times less sensitive than the 
antimony trichloride reaction. He found that by measuring the absorption 
at 410 m/i, instead of 625 m/x, the interferences given by maize oil, fish oil, 
ergosterol, and 7-dehydrocholesterol were minimized. The reaction deserves 
further study with high-potency oils. 

A third promising color reaction is that of Schaltegger.^* Carbenium salts 
produced by treating vitamin D with perchloric acid are reacted with alde- 
hydes, giving colors of improved specificity. Banchetti,^® using vanillin as 
the aldehyde in the reaction, was able to detect 50 y of vitamin D in the 
presence of two hundred times as much of other sterols. The possibilities 
of this reaction have not been explored. 

Investigators of color reactions should note the report of McMahon et 
in which is described the separation and identification of vitamin D 
from other sterols by partition paper chromatography, the sterol spots 
being developed by spraying with antimony pentachloride in chloroform. 

A chemical method for estimating vitamin D, which is not a color reac- 
tion in the usual sense, was described by Green^* in 1951. It is based on the 
liberation of iodine in the reaction between vitamin D and iodine trichloride 
in carbon tetrachloride. A comprehensive study was made of methods for 
separating vitamin D from interfering substances by means of differential 
solubility, digitonin precipitation, and chromatography on Floridin. Highly 
efficient purification is claimed, and the purified product can be reacted 
stoichiometrically with the reagent. The older techniques of condensation 
with maleic or citraconic anhydride, and of selective ultraviolet irradiation 

A. E. Sobel, A. M. Mayer, and B. Kramer, Ind, Eng, Chem, Anal Ed. 17, 160 (1946)* 

E. V. Rouir and G. Pirlot, Bull soc. chim. biol 29, 1006 (1947). 

” J. A. Campbell, Anal Chem. 20, 766 (1948). 

**H. Schaltegger, Helv. Chim. Acta 29, 285 (1946). 

^•A. Banchetti, Ann. chim. appl 38, 394 (1948). 

J. M. McMahon, R. B. Davis, and G. Kalnitsky, Proc. Soc. Exptl Biol Med. 76, 

799 (1980): 

J. Green, Biochem. J. 49 , 36, 45, 54 (1951). 
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for the separation of vitamin A from vitamin D, are not, in Green’s opinion, 
good ones, for considerable losses of vitamin D may be encountered. 

C. BIOLOGICAL METHODS 

The author has elsewhere®* presented a chapter on the use of the rat in 
the estimation of vitamin D, and Waddell and Kennedy** have published 
a companion chapter on the use of the chick for this purpose. New workers 
in the field of bioassay are advised first of all to absorb the wisdoni in 
Coward’s** “Biological Standardization of the Vitamins.” The practi^, 
theoretical, and statistical aspects of this subject are also covered by 
Gyfirgy,* and in particularly fine detail. \ 

The official method of estimating vitamin D in medicinal oils is described 
in U.S. Pharmacopeia (14th revision). It is essentially a 7-day curative 
technique, observations being made by the line test on rats previously 
rendered ricketic. The official procedure for estimating vitamin D in milk 
is given in the A.O.A.C. “Methods of Analysis.”** It is similar to the U.S.P. 
method but requires the feeding of skim milk powder to the reference rats 
in amounts equivalent to the milk given the test animals, thus to counter- 
balance the interfering action of milk per se. The A.O.A.C. method for 
estimating vitamin D intended for poultry use is a 21 -day prophylactic 
technique with baby chicks, observations being made on the percentage of 
a^ in the tibiae. These are all pass-or-fail tests, useful in quality control, 
but not otherwise very informative as to the amount of vitamin present. 
To gain quantitative information, one must either repeat the assays at 
numerous levds or, better, interpret the findings by means of response 
curves. 

To illustrate the use of response curves, two are shown in Fig. 17. Let us 
consider the cod liver oil curve, bearing in mind that it portrays the typical, 
or ideal, response of chicks to graded doses of vitamin D under an established 
set of conditions, (With a different basal diet, or with chicks of different age 
or different breed, the curve would be different.) Under the prescribed con- 
ditions, 10 I.U. of cod liver oil vitamin D will produce, on the average, a 
Ixme ash of 43 %. Now suppose that an assay is conducted with two groups 
of chicks. The reference group is given 10 I.U. of vitamin D per 100 g. of 
diet in the form of a reference cod liver oil (the curve was made when cod 

** C. B. Bills, Biol. Symposia 11, 409 (1947). 

** J. Waddell and G. H. Kennedy, Biol. Symposia 11. 435 (1947). 

** K. H. Coward, The Biological Standardization of the Vitamins, 2nd ed. Williams 
and Wilkins, Baltimore, 1947. 

**hbthods of ^alysis, 7th ed. Association of Official Agricultural Chemists, Wash- 
ington, 1950. 
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liver oil was the official standard of reference, but vitamin Da gives re- 
sponses not veiy different). At the end of the assay the reference group 



Fio. 17. Response of chicks to graded doses of cod liver oil and irradiated ergos- 
terol assayed with rats, showing that efficacy ratios vary with the dose. (After Mas- 
sengale and Bills.**) 


^owsa bone ashcff, say, 42.3 %. Theassay group has been given an unknown 
cod liver oil, the amount by weight being the same as that of tiie reference 
oil. This group shows a bone ash of, say, 44 %. On the pass-or-fail basis, and 
without ref^ience to the curve, it can be said that the unknown oil contains 
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more vitamin D than the reference oil. But how much more? By the curve, 
it is seen that 44% ash corresponds to 11.6 I.U. However, the reference 
group in this assay showed only 42.3% ash, which corresponds to 9 I.U. 
Apparently, then, the chicks, for some unknown reason, are responding a 
little low, and a correction is called for: X: 11.6: : 10:9, or X = 12.9. Thus 
the unknown oil is found to be supplying 12.9 I.U. of vitamin D per 100 
g. of the diet. 

The example given above is a practical, everyday illustration of 
of response curves, and it introduces the important subject of error, 
discussion of error, the reader is referred to the paper by 
Bills** from which Fig. 17 was taken, and especially to the more prol 
discussions of statistical methods given by Coward** and BlLss.** 
tions on means of minimizing error are given in the technical articles 
previously mentioned,**-** and the chapter by Guerrant in the second 
volume of Gydrgy’s book.* 

In 1951 a method for the determination of vitamin D with radiophos- 
phorus was described by Snyder ct Applied as yet only to the rat, it 
would appear to be adaptable also to the chick. Tliis method is the fifth 
satisfactory means of measuring the response of animals to vitamin D, the 
others being the line test, x-ray, bone ash, and growth methods. The new 
method is claimed to give results comparable in acc^uracy to the other 
methods, and it has the advantages of requiring distincitly less time and 
labor, and covering an extraordinarily wide span of units (0.5 to 50 units) 
in one test. 

The procedure is as follows. Young (21-day) rats are placed on ricketo- 
genic diet, and, after 16 days, are given by mouth a single dose of the test 
solution of vitamin D. Forty-eight hours later a solution containing ap- 
proximately 20 MC. of P** is injected intraperitoneally. After another 10 days 
without further treatment, the forepaws of the still-living rats are located 
beneath the window of a Geiger counter. The observed radiation count is 
interpreted by means of a response curve established from points at the 
upper and lower limits of linearity at the time of the assay. 

In the course of twelve series of experiments over a year it was noted 
that the slope of the response curves varied considerably. This is another 
way of sa 3 dng that the response of animals, or even of groups of animals, 
is variable, as is well known. It is because of this variability that it is 

** 0. N. Massengale and C. E. Bills, J. Nutritimi 12, 429 (1936). 

** C. I. Bliss, in Vitamin Methods, Vol. 2, p. 446. Academic Press, New York, 

1951. 

*• R. H. Snyder, H. J. Eisner, and H. Steonbock, /. Nutrition 45 , 306 (1961). 
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necessary to check response curve interpretations by the use of reference 
(positive control) groups, as described on the preceding page. 


V. Standardization of Activity 

CHARLES E. BILLS 

The present international standard for vitamin D, adopted by the World 
Health Organization^ in 1949, is pure vitamin D3. The international unit 
(I.U.) is defined as the vitamin D activity of 0.025 7 of the standard. The 
U.S. Pharmacopeial unit is also now defined in terms of vitamin D3 and is 
identical with the international unit. The former A.O.A.C. chick unit is 
now replaced by the international (fhicjk unit, which also represents 0.025 
7 of vitamin D 3 . Four of the A.O.A.C. units equal three international chick 
units. A review of the development of the international unit is given by 
Coward,^ and a brief account of the recent (changes is given by Nelson.® 
The original international unit of vitamin D was defined^ “as the vita- 
min D acjtivity of 1 mg. of the international standard solution of irradiated 
ergosterol.^’ Parenthetically, and not as a part of the definition, it was noted 
that “the international standard solution has been prepared to have such 
potency that approximately 1 mg. thereof given daily to a rachitic rat for 
eight successive days will produce a wide line of calcium deposits in the 
metaphysis of the proximal ends of the tibiae and of the distal ends of the 
radii.” 

The original international standard solution was an olive oil solution of 
ergosterol irradiation products, prepared under defined conditions and is- 
sued from the National Institute for Medical Research, London. Solutions 
of similar composition and potency had served, since 1927, as the Pharma- 
ceutical Society’s standard, and, since 1930, as the official standard of the 
Medical Research Council of Great Britain.''^ • ^ At the second international 
conference on vitamin standardization, 1934, the definition of the unit was 
broadened to read, “the Vitamin D activity of 1 milligram of the interna- 
tional standard solution of irradiated ergosterol, which has been found equal 
to that of 0.025 microgram of crystalline vitamin D.” Provision was made 

'World Health Organization: Expert Committee on Biological Standardization, 
Chronicle World Health Org. 3, 147 (1949). 

»K. H. Coward, J. Pharm. PharmacoL 1, 737 (1949). 

*E. M. Nelson, J. Assoc. Offic. Agr. Chemists 38, 801 (1949). 

* Report of the Conference on Vitamin Standards, No. C.H. 1055 (1). League of 
Nations, Geneva, 1931. 

» K. H. Coward, F. J. Dyer, and B. G. E. Morgan, Analyst 37. 368 (1932). 
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for future lots of the international standard solution to be made from crys- 
talline vitamin D 2 of specified physical constants.® The 1949 decision to use 
crystalline vitamin D 3 , rather than D 2 , was prompted by the knowledge 
that Da, which exhibits approximately the same potency as D2 for the rat, 
has the additional feature of being also effective for chicks. 

The U.S.P. unit of vitamin D, oflficially adopted^ in 1934, was ‘‘equal, in 
antirachitic potency for the rat, to one International Unit of Vitamin D as 
defined and adopted by the Conference of (sic) Vitamin Standards ofi the 
Permanent C/ommission on Biological Standardisation of the Leagui of 
Nations in June of 1931.” An officrial reference cod liver oil of declared 
potency was issued, and this remained the standard of reference in ^he 


TABLE IX 

Vitamin D Content op Average Cod Liver Oil in Terms of Various 
Systems op Units. (Adapted from Bills®) 

Unit system Potency 


International, since 1931 (see text) 

U.S.P., since 1934 (see text) 

Medical Research Council, 1930®* 

Stecnbock, 1930“ 

American Drug Manufacturers’ Association, 1931“ 
Oslo, 1928 (Poulsson and lA)venskiold“) 

Oslo, 1933 (Poulsson and Ender“) 

German, 1929 (rat unit)“ 

German (clinical unit)“ 

American Medical Association, 193 U® 

“ Vaguely defined. 


100 unils/g. 

1(X) units/g. 

1(X) units/c.c. 

37 units/g. 

350 units/g. 

110 units/g." 

100 units/g." 

15 units/c.c. 

0.15 unit/c.c. 

2.8 “D” potency 


United States until the new vitamin D reference standard of vitamin Dg in 
oil became official in 1950.® 

* Quart. Bull. Health Organisation League Nations 3, extract 15 (1934). 

’ U.S. Pharmacopeia, 10th revision, Interim Revision Announcement No. 2, 1934. 

• U.S. Pharmacopeia, 14th revision, Easton, 1960. 

»C. E. Bills, Physiol. Revs. 16, 1 (1935). 

Medical Research Council, Lancet II, 503 (1930). 

“ H. Steenbock, E. B. Hart, F. Hanning, and G. C. Humphrey, J. Biol. Chem. 88, 
197 (1930). 

“A. D. Holmes, J. Am. Pharm. Assoc. 90, 588 (1931). 

E. Poulsson and H. LOvenskiold, Biochem. J. 92, 135 (1928). 

E. Poulsson and E. Ender, Skand. Arch. Physiol. 86, 92 (1933), 

Bcheunert and M. Schieblich, Biochem. Z. 209, 290 (1929); F. Holtz and E. 
Schreiber, Hoppe-Seyler^s Z. physiol. Chem. 191, 1 (1930); F. Holtz, F. Laquer, H. 
Kreitmair, and T. Moll, Biochem. Z. 287, 247 (1931). 

New and Nonofficial Remedies, p. 414. Council on Pharmacy and Chemisliry, 
American Medical Association, 1931. 
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The older literature contains many references to assays reported in terms 
of vitamin D units no longer in use. The values of the various systems are 
compared in Table IX. 


VI, Effects of Deficiency 

A. IN ANIMALS 
JAMES H. JONES 

The over-all effect of a deficiency of vitamin D in the higher animals is 
known as rickets. According to Park,‘ Jost and Koch have stated that 
rickets is a common disturban(‘e among puppies, pigs, lambs, and kids but 
occurs less frequently among colts, calves, and rabbits. However, from at 
least four different Agricultural Experiment Stations in this country have 
come reports of either spontaneous or experimental rickets in calves,^'® and 
poultry should also be added to the above list. Rodents, such as the rat, 
are not so susceptible to rickets as the higher mammals and poultry. Rickets 
in this type of animal can be produced only if the diet is abnormal with 
respect to calcium or phosphorus as well as deficient in \’itamm D. 

McCollum ei al.,^ Sherman and Pappenheimer,^ and Steenbock and 
Black* have developed diets which will produce rickets in rats. All these 
diets are composed principally of cereals and are high in calcium and 
moderately low in phosphorus. Part of the phosphorus in these diets is in 
the form of phytic acid, and the high calcium increases the unavailability 
of this form of phosphorus.® The above diets are all of the low phosphorus 
-high calcium type, but if the phosphorus is sufficiently low, rickete in rats 
can be produced without increasing the calciimi to unusually high levels.^* 

The low phosphorus type of rickets in rats simulates rickets in humans, 

‘ E. A. Park, Physiol. Revs. S, 106 (1923). 

* S. I. Bechdol, K. O. Landsburg, and O. J. Hill, Penna. Agr. Expt. Sia. Bull 291 

(1933). 

® I. W. Rupel, G. Bohstedt, and E. B. Hart, Agr. Expt. Sta. Research Bull. 

U6 (1933). 

^H. E. Bechtel, E. T. Hallman, C. F. Huffman, and C. W. Duncan, Mich. Agr. 

Expt, Sta. Tech. Bull. 160 (1936). 

* J. W. Hibbs, W. E. Krauss, C. F. Monroe, and W. D. Pounden, Bimonthly Bull. 

Ohio Expt. Sta. 30, No. 232 (1946). 

® E. V. McCollum, N. Simmonds, P. G. Shipley, and E. A. Park, Bull. Johns Hopkins 

Hasp. 33, 31 (1922). 

’H. C. Sherman and A. M. Pappenheimer, J. Expil. Med. 34, 139 (1921). 

•H* BteenbOck and A. Black, J. Biol. Chem. 34, 263 (1926). 

* H. M. Bruce and R. K. Callow, Biochem. J. 28, 617 0934). 

J. H. Jones, J. Nutrition 28, 7 (1944). 
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but the low calcium type of rickets with either moderate or low levels of 
phosphorus also has been studied in the rat.” Experimental rickets has also 
been produced in mice, hamsters,” foxes,” and sheep.” In the last two 
cases the diets contained ample calcium and phosphorus. 

One of the first investigators to study experimental rickets in animals 
was Findlay,” who worked with pups. Mellanby likewise used pups in his 
early work on rickets.” From this work he concluded that rickets was /due 
to a deficiency of a specific dietary factor. These results aroused considerable 
interest and led to a very large number of investigations in this field dukng 
the following decade. \ 

The signs of rickets in animals are not particularly different from those 
in humans, and those of spontaneous rickets are essentially the same as \n 
experimental rickets. In the latter case, however, the condition may be 
allowed to go to a more advanced state than in spontaneous rickets. Below 
are discussed the various signs of rickets in animals. Most of the cases 
discussed are experimental in type. 

1. External Appearance 

Numerous investigators have described (either by photographs or words) 
the outward signs of rickets in various animals. The signs in the calf have 
been described very well by Bechtel et al* as follows: '^ . . . the skeletal 
changes included boAving of the forelegs either forward or to the side, 
swelling of the knee and hock joints, straightening of the pasterns, occa- 
sional ring-like swellings on the pasterns, and humping of the back. Poste- 
rior paralysis occurred in cases of fractured vertebrae. Fractured femora 
sometimes occurred. Other symptoms frequently observed were stiffness 
of gait, dragging of the rear feet, standing with the rear legs crossed, ir- 
ritability, tetany, rapid respiration, bloat, anorexia for grain and roughages 
but not for milk, weakness and inability to stand for any length of time, 
and finally the retardation or complete cessation of growth in body weight.” 

Similar signs are seen in other types of animals but with some variations, 
depending on the anatomy of the animal and on the severity of the disease. 
Bowing of the forelegs, enlargement of the hock and the knee joints, and a 
tendency to drag the hind legs are very characteristic of all animals suffering 
from severe rickets. Another common sign is the enlargement of the costo- 
chondral junctions or beading of the ribs. Deformities of the thorax are 
« A. T. Shohl, /. Nuiriiion 11, 275 (1936). 

** C. Foster, J. H. Jones, W, Henle, and 8. A, Brenner, J, Infectiotis Diseases 86, 
173 (1949). 

H. Jones, J. Nutrition 30 , 143 (1945). 
i. L. E. Harris, C. P. Bassett, and C. F. Wilke, J, Nutrition 43 , 153 (1951). 

J. Duekworth, W. Godden, and W. Thomson, /. Agr, Sei, W, 190 (1943). 

” L. Mndlay, Brit Med, J. II, 13 (1908), 

” E. Mellanby, Lancet I, 407 (1919). 
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also common if the disease is in an advanced state. In the rat, enlargement 
of the carpal joint appears to be rather characteristic. 

2. Growth 

As mentioned above, Bechtel et al^ found decreased growth in ricketic 
calves, and Steenbock and Black^* used the increase in weight of rats over 
the ricketic controls as a criterion for the activity of antiricketic substances. 
Hart et have demonstrated the marked effect of sunlight on the growth 
of chicks on a synthetic diet which contained ample calcium and phosphorus 
but was low in vitamin D. The vitamin A was supplied by fresh ground 
clover. One group was given the basal ration without sunlight, and the 
other received the same diet but was exposed to summer sunlight one-half 
hour each day. At the end of 6 weeks on the experimental diets the two 
remaining ricketic fowls weighed 80 and 90 g., respectively, and the two 
controls weighed 145 and 180 g. The authors present radiographs of one 
bird from each diet which show a pronounced difference in the degree of 
calcification, especially of the long bones. Evidence that the lack of vitamin 
D also markedly inhibits the growth of pups lias been presented by Steen- 
bock et Steenboc^k has repeatedly emphasized the essential requirement 
of vitamin D for growth. 

The relation of rickets to growth has also been dis(;ussed by Rosenberg.^^ 
lie believes that this effect is of primary significance and not secondary 
to other factors such as anorexia. 

3. Calcium and Phosphorus of the Serum 

One of the most consistent (changes in the composition of the blood during 
rickets is a decrease in the level of inorganic phosphate, which was first 
noted by Howland and Kramer^^ while working with children. In Table X are 
given the calcium and inorganic phosphorus in the serum of two ricketic 
litter-mate pups as well as the calcium and phosphorus in the serum of three 
other members of the same litter which were on the identical basal diet 
but received vitamin D in addition.^® The level of these blood constituents is 
given at 6 and 9 weeks after the pups were put on the experimental diet. 
Both the calcium and inorganic phosphorus are considerably lower in the 
serum of the ricketic than control animals. The calcium, although low, is 
about the same at 6 weeks and 9 weeks on the diet, but the phosphorus is 
considerably lower at the later period than it was earlier, Bechtel et 

H. Steenbock and A. Black, J. BioL Chem, 61 , 405 (1924). 

E. B, Hart, H. Steenbock, S. Lepkovsky, and J. G. Halpin, J. BioL Chem, 58 , 33 
(1923-1924). 

H. Steenbock, J. H. Jones, and E. B. Hart, J . Biol, Chem, 68, 383 (1923-1924). 
H. R: Rosepberg, Chemistry and Physiology of the Vitamins. Interscience Pub- 
lishers, New York, 1942. 

** J. Howland and B. Kramer, Am. J, Diseases Children SKI, 105 (1921). 
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report that the first detectable sij^s of rickets in calves is a decrease in the 
level of inoi^nic phosphorus in the serum. The same investigators also 
found a low calcium content of the serum of their animalB which was ac- 
companied in some cases by tetany. Previously, Steenbock and associates*® 
had observed tetany in ricketic pups. The same laboratoiy has also found 
low calcium and low phosphorus in the serum of chicks*' and low phosphorus 
in swine*® during rickets. In the later case, no calcium studies were reported, 
but Loeffel el al.^‘ observed low calcium and low inorganic phosphoms in 
the sera from their ricketic pigs. \ 

When rickets is produced in rodents by means of low phosphorus (nets, 
the phosphorus of the serum is, as expected, considerably below norma|. If 

TABLE X 

Effect of Rickets in Pups on Calcium and Phosphorus in Serum 
AND on Femur Ash** 


Serum 




Calcium, 

mg./lOO ml. 

Phosphorus, 
mg./lOO ml. 

Femur ash 

Dog 

No» 

Ration 

6 wk. on 
ration 

9 wk. on 
ration 

6 wk. on 
ration 

9 wk. on 
ration 

Groms 

% 

35 

Basal 

7.59 

7.99 

4.96 

2.23 

1.69 

28.28 

36 

Basal 

7.99 

7.32 

4.60 

1.67 

1.91 

28.86 

37 

Saponified cod 
liver oil 

11.32 

11.72 

7.88 

8.57 

6.27 

46.45 

38 

Saponified cod 
liver oil 

10.87 

12.98 

7.67 

9.75 

5.46 

45.59 

39 

Cod liver oil 

11.12 

12.25 

7.07 

9.00 

5.75 

47.61 


the caldmn in the diet is high,*'® the serum calcium is either normal or 
slightly elevated. The rat, for instance, never develops tetany on this t3T)e 
of diet. 

4. Blood Fhosphat.asg 

Kay** and Bodansky and Jaffe** have reported high serum phosphatase 
(alkaline) during rickets in children, and Common*® found the same to be 
true during rickets in clucks. 

" H. Steenbock, E. B. Hart, J. H. Jones, and A. Black, J. Biol. Chtm. 88, S9 (1923- 
1924). 

** H. Steenbock, E. B. Hart, and J. H. Jones, /. Biol. Chem. 61 , 776 (1924). 

** W. J. Loeffel, R. R. Thalman, F. C. Olson, and F. A. Olson, Nebr. Agr. Expt: 8ta. 

Beteareh BM. 66 (1931). 

*• H. D. Kay, /. Biol. Chem. 86, 249 (1930). 

** A. Bodansky and H. L. Jaffe, Am, J. Dieeaee* Children 46 , 1268 (1934). 

** R. H. Common, J. Agr. Sd. 86, 492 (1936). 
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Sure H on the other hand, failed t<» obwirve a marked increase in 
blood phosphatase during rickets in rats. Dikshit and I’atwardhan’"’ not 
only found no increase in the phosphatase of the blood of rats during rickets 
but observed a pronounced fall as the diseast; progressed. Truhlar et 
found no ciuinge in the phosphatase content in the lung, liver, kidney, and 
heart of ricketic rats. 

In the above Avork on rats the diets were low in phosphorus and high in 
calcium. Whether this accounts for the lower phosphatase in rickets in rats 
as compared to the human or the chick, or whether it is a species difference, 
apparently is not clear. Hupei <t al? have reported an increase in serum 
phosphatase in ricketic calv^es. Here, again, the rise, was not pronounced, 
and the diet contained ample calcium and phosphorus. 

5. X-K.\y ExvAMInatjon 

Owing to the failure to deposit calcium salts in the skeleton of ricketic 
animals, Hu; bone is less impervious to the roentgen ray. It is thus possible 
to detect rickets by means of the x-ray. 

Stwsibock and others'^” have presented the roentgenograms of the right 
rear leg of a ricket ic pup and of two normal <ontrols. The ricketic; pup was 
on a basal diet free from vitamin 1) but containing sufficient calcium and 
phosphoms. The controls received the same diet, but, in addition, the 
non-saponiliable fraction of cod liver oil was given to one control and Achole 
cod liver oil was supplied to the other. Calcification in general was consider- 
ably less in the bones from the ricketic dog than in those from either of the 
two controls. The patella and the condyles in the former are barely visible, 
and the cortices of the tibia are tliin and less opaque. The diameter of the 
tibia is enlarged, and the distance between the diaphysis and the epiphysis 
is increased. Iti the controls the line of demarcation between the diaphysis 
and the epiphysis is distinct, and sharp but narrow, whereas that in the 
ricketic; animal is indistinct and irregular. 

Hoentgenograms of the cost ochrondal junction of ricket ic calves have been 
presented by Bechtel ct al* Here again the junction of diaphysis and car- 
tilage in the ricketic animals is irregular and indefinite and in places shows 
areas of incomplete calcification. 

Hart and as8oc;iate8>“ published radiograplis of the complete bony struc- 
ture of a ricketic chick and of a normal control. In the ricketic animal there 
was very little differentiation between cortex aicd marrow c;avity, and the 
Avhole skeleton was almost devoid of any dense bone. 

“ B. Sure, M. C. Kik, and K. S. Buchanan, Froc. St>c. Exptl. Biol. Med. 86, 209 

(1936-1937). 

P. K. Dikahit and V. N. Patwardhsn, Indian J. Med. Remareh 85, 91 (1947). 

” J. Truhlar, L. Drekter, G. McGuire, and K. G. Falk,/. Biol. Chem. 127, 345 (1939). 
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Pappenheimer vi luive presented roentgeTiograms of tlio rear leg of a 
rieketic rat wliich shows the same lack of caleificatioji and the wide area 
of uncaleified cartilage at the junc*tions of the diaphyses and epiphyses. 

(). Calctum and Phosphoups Balanc e 

Some of the early work on the influence of the antiricketic factor on the 
excretion or retention of calcium and phosphorus was reported in a series 
of publications by Hart, Steen bock, and their associates.’^** They found tpat 
lactating cows and goats on a diet of grains and timothy hay had a fiiro- 
nounced negative calcium balance, and fiecpienlly Ww balan(*e of phos- 
phorus was also negative. It was possible to bring the milking goats into 
a positive calcium and phosphorus balance by giving alfalfa hay or cod 
liver oil or by irradiating the animals with ultraviolet light. More difficulty 
was encountered when an attempt was made to bring about a r('tention of 
calcium and phosphorus in the lactating (*o\v. Th(‘ Ix'st lesiills wen^ oi)- 
tained with alfalfa hay, and the green plant was Ix^tter than the dried hay. 
The giving of as much as 10 ml. of cod liver oil per day caused the cows to 
lose their appetite. 

Nicolaysen^^ found that vitamin 1) decreascxl the amount of calcium (*x- 
creted in the feces of rats and increased the e.xcretion in the urine. The ab- 
sorption of calcium from an isolated intestinal loop was also augmented by 
vitamin D. 

Bergeim'*^ has made a more detailed study of the absorption of cal(*ium 
and phosphorus from the inte*stinal tract. He found that in the normal 
animal calcium is absorbed in the upper part of the int(\stiiH‘s and a portion 
of it is re-excreted in the lower part of the tract. In rickets the absorption 
is normal, but a larger proportion is re-(‘xcreted. 

Phosphorus, on th(i other hand, is excreted into the upp(*r portion of the 
intestine and reabsorbed from the lower part. In rickets this reabsorption 
is below normal. The administration of (T)d liver oil resulted in a positive 
balance of calcium and phosphorus. Cohen and ( Irecxiberg,**® also with the 
rat, found only a slight increase in the intestinal absorption of radioactive 
phosphorus, although there was a marked improv<»m(Mit in th(‘ deposition 
of phosphorus in the bone when vitamin 1) was administered. 

In contrast to phosphorus, (Jreenberg^ found a delinite incn^ase in th(‘ 

** A. M. Pappenheimer, G. F. McCann, and T. F. Zucker, ./. Kjptl. Med. 36, 42! 

(1922), 

E. B. Hart, 11. Steenbock, E. C. Teut, and (h C. Humphrey, J. Bud. Chcm. 84, 

367 (1929). 

*** R. Nicolayson, Biochem, J. 31, 122, 323 (1937). 

Bergeim, ,/. Biol. Chem. 70, 51 (1926). 

W, E. Cohn and D. M. Greenberg, ,/. Biol. Chem. 130, 625 (1939). 

D. M. Greenberg, .7. BioL Chem. 167, 99 (1945). 
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intestinal absorption of radioactive calcium followinji; the administration of 
vitamin I) to ricketic rats. Shohl and Bennett*^*^ observed a decrease in 
calcium retention, but at no time did the balance beceme negative in 
ricketic^ pups. Phosphorus was still less positive in respeict to the control 
animals than was the cal(*ium, and in some cases thci phosphorus balance 
was negat.ivci. The authors state that even on a diet high in phosphorus and 
low in calcium the most marked deficneiuy lies in the phosphorus retention. 

7. Acidity of Intestinal Contents 

Zucker and Alat.zner**-^ were the first to show that the pH of the feces of 
rats be(*omes higher as thc‘ animals develop rickets, and falls again when 
cod liver oil is fcMl. Similar rc^suHs have been obtained with rats by Jepheott 
and liacharacli***' and Hc^ller and (’askey.'^‘ 

Abraharnson and Miller,*- Yoder, and Redman ct observed a higher 
pll of the intestinal c'ontents of ricketic rats than in non-rickctic controls. 
This dilTerence appearc^l to be constant through the small and large in- 
tevstines. Wlien c*od liver oil was given to the ricketic* animals the hydrogen 
ion concc'ut, ration of the ititc’istinal contents incrc^ased. Grayzc'l and Millei*^'^ 
have made similar observations on the dog, and Kline and associates^® have 
shown that irradiation of ricketic c*hic*ks dc'crcsases the pH of the proximal 
part ()f the int(\stiiK\s but not of the distal portion. 

The sigihti(*ance of this <*hange in acidity of feces and intestinal c*ontcnts 
and its relation to the cure of ric*kets is not clear at the present. Acrording 
to Shohl and Bing,**^ the change in ac*idity of fec*es did not o(*cur when rats, 
made ricketic on the Steenboc'k-Black diet, were cured by irradiation of the 
focKl or by the addition of alkaline phosphates. Osc^r**^ reports that the 
effect of vitamin D on incrc^asing the acidity of the intestinal contents and 
fecTs of rats is inc'onsistent and non-specific, and Jones'*® found that increas- 
ing th(^ ac*idity of the intestinal contents by other means did not (*ausc a 

A. T. Shohl and H. B, Biol, ('hvm. 76, 633 (1928). 

l.V. Zuckcr and M. J. Matzner, Brov, Sov, KxptL Biol, M.d, 21 , 186 (1923-1924). 

Ji'phcott. and A. L. Bacharach, Biorham. J, 20 , 1351 (1926). 

V. (1. lIclltT and C, C\*iskcy, J, Xutrition 2 , 59 (1929-1930). 

E. M. AbrahaiWHon and E. G .Miller, Jr., Proc, Soc, Expil. Biol, Med. 22 , 438 (1924- 

1925). 

b. Yoder, J. Biol. Chem. 74, 321 (1927). 

T. Bcdinan, »S. G. WilliinoU, and F. Wokes, Biochem. J, 21 , 589 (1927). 

M. Gravzol and 10, G. Miller, Jr., Proc. Boc. Kxptl. Biol. Med. 24, 668 (1926- 

1927). 

L. KliiML J- A. Keenan, C. A. lOlvohjeni, and E. B. Hart, J. Biol. Chem. 98 , 

121 (1932). 

A. T. Shohl and F. G. Bing, J. Biol. Chem. 79, 269 (1928). 

** B. L. Oser, J. Biol. Chem. 80 . 487 (1928). 

J. H. Jones, J. Biol. Chem. 142 , 557 (1942). 
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comparable increase in calcification. According to Friedman,^® the increase 
in acidity during the healing of rickets is caused by a change in bacterial 
flora of the intestinal tract, from non-acid-forming bacteria to a(*id formers, 

8. Bone Ash 

In his early work on rickets in pups Mellanby*^ observed a decrease in 
the calcium content of the skeleton of his animals, "rdfer*^^ found a very flow 
bone ash in his ricketic pups. The percentage of ash in the dry limb Ixines 
decreased from 44.9 in the normal controls to 17.7 in the deficient animWs. 
Steenbock and associates^® made comparable observations. Table X giyes 
the per(*entages of ash in the dry, fat-free femurs of their ricketic and control 
pups. The decrease in ash content as reported by Steenbock was somewhat 
less than that given by Telfer. 

McCollum and associates'^- found a low ash in the bone of ricketic rat,s. 
Bethke (d as well as Dutcher c/ have made detailed studies of the 
changes of the bone ash of ricketic rats and (*orrelated the percentages of 
bone ash with the kn^el of serum phosphorus. Dut(*her and coworkers report 
a bone ash of 02 % in the dry, fat-free bones from normal rats; in rickets it 
fell as low as 24 % with an average per(*entage of 20.5. 

A reduction in the percentage of ash in long bones or ricketic pigs has 
been reported by Elliot ct al.^^ and Locffel ct In a like manner, there is 
less ash in the bones of ricketic calves than in the normal controls,*^ • 
and the same is true for ricketic fowls.-* The official method for determining 
vitamin D in poultry feed®^ is based on the increase in the ash of bones of 
chicks when vitamin 1) is supplied to animals pre\'iously made ricketic. 
According to Chick (d the best criterion of defective calcification is 
given by the value of the ratio of the amount of ash to the amount of 
organic material contained in the fat-extracted bone. This is essentially the 
same as the percentage of ash in the dry, fat-free bone which has been used 
more frequently. 

Friedman, J. Suiriiion 12, 165 (1936). 

61 S. V. Telfer, Quart. J. Med. 16, 63 (1922-1923). 

62 E. V. McCollum, N. Simmonds, K. M. Kinney? and C. J. Grieves, Bull. Johns 

Hopkins Hosp. 33, 202 (1922). 

6* R. M. Bethke, H. Steenbock, and M. T. Nelson, J. Biol. Chem. 68, 71 (1923-1924). 

66 R. A. Dutcher, M. Creighton, and H. A. Rothrock, J. Biol. Chem. 66, 401 (1925). 

66 W. E. Elliot, A. Crichton, and J. H. Orr, Brit. J, Exptl. Pathol. 3, 10 (1922). 

66 C. F. Huffman and C. W. Duncan, J. Dairy Sci. 18, 511 (1935). 

62 Official Methods of Analysis, 7th ed., p. 792. Association of Official Agricultural 

Chemists, 1950. 

*6 H. Chick, V. Koronchevsky, and M. H. Roscoe, Biochem. J. 20, 622 (1926). 
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9. HiSTOLOCiicAL Chancres in the Kicketic Bone 

Th(^ followiiij^ cles(*ription of the microsc'opic changers of the (rostoehoiidral 
junction and adjoining areas of the ri<‘k(*tic rat is condcMiscd from the dis- 
(*,ussion by l^appenhciimer.®-’ 

The zone of proliferating cartilage does not differ greatly from the normal 
in extent or in arrangement of its (*ells. It is difficult, however, to define the 
boundaries c^f t his zone, owing to the lack of (*alcification in sevc^rely ric^ketie 
bones. When there is lateral swelling of the cartilage the columns of cells 
are separated by an excessive amount of matrix. 

In the zone of preparatory calcification are found the most pronounc^ed 
changes. There is a complete la(*k erf cal(‘ifi(*ation, and the depth of this 
zone? is greatly increased. In the normal rib there is little variation in the 
depth, and it seddom exc(*eds four or five cells, whereas in the ricketic^ rib 
the (kpth may be fifty (*ells or more. The extent to which this zone is 
enlarged depends upon the length of time that the animals have been on the 
ricketogcjnic* diet and the c^xtent of growth. If no growth has taken place 
during the time on the (experimental diet, there is but little enlargement of 
this zone'. In general, the more the animal grows, the greater the depth of 
this zone, but usually this enlargement is one of the most dependable char- 
aideristics of rickets. It has been frequently obscMwed that ricketic lesions 
are more' se\'ere in animals that do show definite growth during the period 
on the ricketogenic diet. This is true in spite of the fact that vitamin D is 
nc'cessaiy for (*ontinued growth, as prc'viously discussed. The arrangement 
of the (*artilage cells in the columns is usually maintained in the basal 
portion of the zone of preparatory (*alcification, but toward the diaphysis 
this arrangement of the cells is entirely lost, and there is considerable 
variation in the size and shape of the cells. The un(*al(‘ified matrix takes on 
the appearaiK'e of osteoid tissue which forms a considerable portion of the 
metaphysis, particularly surrounding the perforating vessels. 

After 4 weeks on the ricketogenic diet there is formed an excessive amount 
ot calcium-free osteoid tissue in the region of the primary spongiosa. The 
arrangement of the trabeculae is no longer orderly, but instead they are 
broad, (convoluted masses of osteoid several times thi(cker than normal 
trabeculae. Their relation to the original trabeculae is completely obscured. 
Some (rf the osteoid masses (*ontain a (*ore of calcified tissue, but many 
others show no tra(*e of calcification. The osteoid is usually homogeneous 
and stains evenly and deeply with eosin. The demarcation between OvSteoid 
and calcified tissue is always very sharp. 

The peri(*hondral osteoid of the ri(‘ketic rib is entirely free from calcifica- 

A. xM. Pappenla^imer, J. Exptl. Med. 36 , 335 (1922). 
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tion, and it forms a large mass which contributes largely to the swelling of 
the junction. 

Both the (‘iidosteal and periosteal surfaces of tlu^ calcified (*ortex are 
covered by osteoid tissue. It is most extreme near the epiphysis but extends 
the entire length of the shaft. At times the osteoid may b(» so abundant as 
to decrease the diameter of the marrow cavity. The calcified portion of the 
cortex is (*onsiderably reduced in thickness, and in places calcium sfilts 
appear to be entirely lacking. 

The blood vessels arc not dilated, and hyperemia is not pi*ouounced.\ 

Bechtel ei al} have given a detailed description of t he microscopic changes 
in the bones of ricketic calves which for the most part agn^es with the find- 
ings of Pappenheimer. \ 

B. IN PATHOUKJV OF HUMAN BEINCIS 
BKXJAMIX KUAMKIi ;iimJ AJiUAM KAXOF 

The pathological changes in human beings resulting from d('ficiency of 
vitamin 1) are almost entirely confined to the skeleton. II(*re ther(» develops 
a distortion of bone growth which gives rise to the clinical picture whi(*h we 
designate as rickets. The primary disturbance responsible for this distor- 
tion is a failure to mineralize newly formed osteoid tissue and cartilage 
matrix. Hence, the unusual softness of the bone which under the stress and 
strain of weight bearing and locomotion gives rise to the cdiaract eristic 
deformities of the disease. To understand these changes it is important to 
re\dew the process of normal bone dev^dopment and growth. 

From the point of view of embryologic (knelopment there are two types 
of bone. The first is membranous bone, occurring in the vault of the skull, 
the lower jawbone, and part of the clavicle. The first step in th(‘ formation 
of these bones in tlie blastoderm is a condensation of the mesodermal cells 
which soon develop into fibrous membrane. Between the cells f)f this mem- 
brane a dense intercellular substance accumulates, and when the proper 
stage of development of this substance is reached (‘alwurn is deposited into 
it. The property of calcifiability is conferred upon the transformed connec- 
tive tissue by the osteoblasts. Osteoblasts arise in the early embiyo by 
direct transformation from mesenchymal cells. In the adult th(\y arise from 
fibroblasts and reticular cells. It is through the activity of these osteoblasts 
on the fibrous sheath that the bone attains increasing thickness, as addi- 
tional layers of periosteum are laid dowii and ossified without, the inter- 

A. Robinson, Cunningham’s Textbook in Anatomy. William Wood and Co., Xcw 

York, 1923. 

A. A. Maximow and W. Bloom, A Textbook of Hist< logy. W. B. Haunders and Co., 

Philadelphia, 1948. 
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mediate formation of cartilage. What is originally membrane thus becomes 
cortex of the new bone. 

The second type of bone, which includes all the bones not listed above, is 
known as cartilage bone. In this type of bone, growth takes place with the 
intermediation first of cartilage formation and then destruction of the 
cartilage before bone can be formed. In the prenatal formation of these 
boiu^s there is first an aggregation or condensation of mesodermal cells at 
the location of the future bone. This aggregation of cells becomes demar- 
cated from the surrounding mesoderm and forms a rudimentary model of 
the future bone. In the area of the future shaft the peripheral cells become 
ti])roblasts and form the periosteum, while at the ends of the future bone 
the (*(^lls form the i)eri()chondrium. 

In the Region of th(' shaft, Avhere the membranous periosteum has formed, 
bone formation ])roc<'eds in the manner described for membranous bone. 
Elongation of th<‘ boi\e takes place at its ends, where the condensation of 
meseiK'hyrnal cells has resulted in the formation of a cartilaginous plate 
which during childhood Remains distinct from the shaft, and is called the 
epiphysis. Th(' flattened (*ells in this cartilaginous plate are normally ar- 
ranged in columns. Ea(*h cell in the (‘olumn is separated from its fellow by 
a thin bridge of matrix, white the adjacent cohunns are separated by wider, 
parallel bands of matrix material. The epiphysis is attached to the diaphysis 
by a number of (*alcified prongs remaining from those destroyed which form 
a bridge betw(»en epiphysis and diaphysis. 

As one proceeds from the R'latively (iuies(*ent epiphysis toward the zone 
of ossifi(*ation, the appearance of the individual cells changes. The rows 
of cells most distant from th(* shaft are composed of cells hardly difTerenti- 
ablc from the ordinary cartilage, and tlu^y form the zone of resting cartilage. 
As Ave proceed in the dirc'ction of the shaft or diaphysis toward the second 
layer, the cells begin to show eviden<*e of degen ('rat ion. The mitochondria 
appc'ar rod-like, and later shrink; vacuoles containing fat and glycogen 
iii'pear, and the cell nuckais shrinks. This zone, the zone of proliferating 
cartilage, varies in depth, depending on the rate of bone growth. In the 
third layer, the zone of preparatory (*alcification, the process of cell disinte- 
gration is complete. Here we And clumps of degenerated cells, or only 
lacunae from which the c(dls have disappeared. At- the same time, if there 
are adeiiuate coiu'ont rat ions of (*alcium and phosphate in the blood plasma, 
the matrix around the cells undergoes a notable change. There is a precipi- 
t at ion of calcium salts which results in the matrix Avails* becoming calcified. 
lmmediat('ly to the shaft side of this area of preparatory cal(‘ifi(*ation, the 
final stage of actual ossification takes place. This prcx'css is due to the 
activity of the osteoblasts and bhxKl vessels of the bone marroAv. The cells 

E. A. Park, Personal communieation. 
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known as osteoblasts are fibroblast derivatives which possess the double 
function of bone formation and bone destruction. Although it is in both 
instances the same cell, the term osteoblast is applied to those cells which 
are producing bone, and the term osteoclast is applied to those in the process 
of bone resorption. As death of cartilaginous cells proceeds, there is an 
invasion of the matrix by capillaries proceeding upward from the diaphysis. 
These invade the empty lacunae. Some of the matrix trabeculae are resorbed 
by activity of the osteoblasts, giving rise to an increasing size of the marrow 
space and a reduction in the number but an increase in size of the trabecu- 
lae. Into the enlarged lacunae the blood vessels grow, continuously carrwng 
with them connective tissue, osteoblasts, and osteoclasts. Upon the larger 
trabeculae the osteoblasts lay down true bone. Between the osteoblasts aiid 
the cartilage matrix, a new layer of tissue appears, gradually thickens, and 
surrounds the contours of the cartilage projections. It is this tissue which 
under favorable conditions begins to calcify as it is deposited and thus 
becomes bone. Physiologically, there is a lag in calcification, resulting in 
formation of an uncalcified osseous material known as osteoid. This appears 
in a limited degree under physiological conditions but becomes enlarged 
when there is local failure to supply calcium and phosphate. When this 
failure is marked and generalized, there is an increase in the width of the 
osteoid border. This is a picture typical of diaphyseal rickets and of oste- 
omalacia. By this complex process (bone formation and bone resorption) 
the bones become more hollow because of the increase in size of the marrow 
spaces, and stronger because of the widening and ossification of the trabecu- 
lae and the increased strengthening of the cortex. 

Although the morphological changes associated with endochondral bone 
formation have been carefully studied and adequately described, the chem- 
ical changes related to this process are not so well understood. Mineraliza- 
tion of bone matrix and osteoid consists of the deposition of calcium and 
phosphate, plus, to a lesser degree, carbonates, fluorides, and perhaps other 
anions combined with small amounts of calcium, sodium, magnesium, and 
potassium. The nature oHhe mineral deposit has been the subject of much 
investigation and controversy. The most acceptable concept has been that 
the mineral matter of bone has a ^jiystalline structure resembling that of 
the apatite minerals, and that dissolved in this, perhaps as an adsorbate 
or as a solid solution, are the calcium salts hydroxide, fluoride, carbonate, 
etc. It serans clear that an ^equate concentration of calcium and inorganic 
|»hos|Aioru8 both in the bone matrix and the tissue fluid is essential for this 
proec^, but the exact level at which calcification occurs is as yet poorly 
defined, and the mechanism itself is not clear. 

Studies on calcification of endochondral cartilage in vitro have added 
mimh to our knowledge of this subject. Inhibition of this process may occur 
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in a variety of ways, and the explanation for such inhibition has been that 
the inhibiting agent in some way affects an enzymic process, the ultimate 
aim of which is the liberation of inorganic phosphorus from phosphoric 
acjid esters. The source of this inorganic phosphorus has been a stiunbling 
block in any theory of calcification. Shipley et aL^ produced in vitro calci- 
fication with artificial serum ultrafiltrates containing an adequate concen- 
tration of both calcium and inorganic phosphorus. Robison®* demonstrated 
the presence of alkaline phosphatase in the hypertrophic cartilage cells and 
produ(^ed calcification in vitro using solution of calcium and hexosephos- 
phoric acid. The latter was hydrolyzed by alkaline phosphatase, thus 
liberating inorganic phosphorus. However, Shipley et al, pointed out that 
plasma and presumably tissue fluid contain only traces of organically bound 
phosphorus. Furthermore, preparatory cartilage cells contain only minute 
amounts of organic phosphorus although rich in glycogen and phosphoryl- 
ase. The problem of finding a source of organic phosphorus seemed to 
constitute an unsurmountable obstacle until Gutman®® suggested the proc- 
ess of phosphylative glycogenolysis as a possible source of inorganic phos- 
phorus and produced confirmatory evidence in the finding that substances 
which interfered with this process inhibited in vitro calcification. 

Glycogen, like alkaline phosphatase, may be demonstrated in the car- 
tilage cells of the hypertrophic cartilage, just before and during calcifica- 
tion, only to disappear as the process of calcification becomes complete. 
That glycogen may play an important role in endochondral calcification is 
indicated by the fact that in vitro (calcification will not take place if the 
glycogen is removed with ptyaline. 

The role of phosphatase in calcification has received the most intense 
study.®® It is presumed to play an important role for the following reasons. 

1. It is present in the preliminary stages wherever tissue is about to be 
calcified, i.e., in cartilage matrix, in osteoid, and at the site of metastatic 
calcification. 

2. Substances that inhibit phosphatase activity inhibit in vitro calcifica- 
tion. Some of these substances are potassium cyanide, hydrocyanic acid, 
and fluoride. 

3. In vitro calcification takes place in living cartilage in the presence of 
phosphatase when phosphoric acid esters represent the only source of inor- 
ganic phosphorus. 

On the other hand, (calcification in vitro can definitely occur in the ab- 

** P. G. Shipley, B. Kramer, and J. Howland, Biochem. J. 20, 379 (1926). 

R. Robison, Biochm. J. 35, 304 (1924). 

A. B, Gutman and T. F. Yu, Trans. Itnd Conf. Metabolic Interrelations p. 167, 

1950. 

•• R. H. Follis, Jr., BuU. Johns Hopkins Hospital 86^ 360 (1949). 
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sence of phosphatase or in tissue heated to a temperature which destroys 
it. Moreover, the optimal pH for phosphatase activity is much beyond the 
pH of normal tissue fluids. Third, calcification in vitro will fail to occur 
when cells are poisoned, although such substances may not affect phos- 
phatase activity. 

Endochondral calcification takes place in the presence of an adequate 
concentration of plasma calcium and inorganic phosphorus. Deficiency of 
inorganic phosphorus in rickets apparently cannot be made up by the local 
action of alkaline phosphatase or phosphorylative glycogenolysis imthe 
hypertrophic cartilage cells under the same conditions. \ 

Since all tissue fluids presumably have the same concentration of calcipm 
and inorganic phosphorus, there still remains the question of why certain 
tissues can be mineralized whereas this occurs in others only under abiiornml 
conditions or not at all. Rubin and Howard®^ have demonstrated the pres- 
ence of a mucopolysaccharide resembling chondroitin sulfate in tissues 
potentially capable of undergoing calcification. This metachromic staining 
material seems to form a combination with calcium and this may be the first 
step in the process of calcium salt deposition. During the course of this 
proc43ss the mucopolysaccharide seems to disapi)ear and the tissue loses its 
peculiar staining characteristics. This has been (nted as a point against its 
importance in primary calcification by Sobel,®® but Rubin and Howard®’ 
have shown that the polysaccharide does not disappear during (jalcific^ation 
but can be stained and its presence thus proved, if the section is decalcified 
before staining. 

Although much has been learned concerning the mec^hanism of mineral 
salt deposition, little is known regarding the morphology, the chemical com- 
position, including the enzyme content, and the metabolism of the organic 
matter of bone, including the cartilage matrix and osteoid upon which the 
calcium salts are deposited. Much has been added to our knowledge by the 
use of special dyes and the ordinary li^t microscope, and this information 
has been broadened and extended with the aid of the wide-angle diffraction 
pattern and the electron, microscope. The use of special dyes that react 
specifically with certain constituents of the cell and the application of 
enzymes that are specific cytoplasmic components afford further insight 
into the functioning of osteoid and cartilage cells. Studies dealing with the 
effects of vitamin C deprivation on osteoid structure and composition in 
ammals has thrown light on the mechanism of protein synthesis of cell 
c^tc^lasm that may have far-reaching implications for cells in general.®® 

, Cartilage matrix which under the ordinary light microscope and with the 

^ P. S. Hubtn and J. E. Howard, Trans. £nd Con}. Metabolic Interrelations p. 165 

( 1960 ). 

* IL H. F(41is, Jr., Trans, 4th Conf. Metabolic Interrelations p. 11 (1952). 
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usual tissue fixation and staining appears quite homogeneous is found to 
show a fibrillar network lying in a homogeneous matrix; this network is 
made up chiefly of a protein, collagen, and the matrix itself contains a poly- 
saccharide, probably chondroitic sulfuric acid. The collagen fibers show a 
definite periodicity of bands in their structure with finer bands within the 
periods. These collagen fibers resemble those found in skin, where the 
chemical composition has been studied extensively and fascinating theories 
concerning the arrangement of their chemical groups have been proposed 
that may account for some of their physical properties. 

The homogeneous matrix is also being studied and among other proper- 
ties shows the property of metachromasia. This is present in the cartilage 
matrix and seems concentrated about the hypertrophic cartilage cells; it is 
probably due to the peculiar effect of the polysaccharides upon the specific 
dye (polymerization). 

The osteoblasts have been shown to contain lipids, glycogen, phospha- 
tase, and lecithinase. Cytochromic oxidase has been demonstrated in the 
osteoblasts in addition to ribonucleic acid and its enzyme, ribonuclease. 
Less is known about the chemical composition of cartilage cells, but alkaline 
phosphatase, phosphorylases, glycogen, lipoids, and lecithinase have been 
demonstrated in these cells as well as some oxidases. 

The reactivation of dormant osteoblasts in the scorbutic animal treated 
with vitamin C has yielded valuable information concerning the mechanism 
of synthesis of cell cytoplasm. Under the influence of vitamin C cell cyto- 
plasm is synthesized: alkaline phosphatase reappears, protein synthesis is 
accelerated, and cells become filled with ribonucleic acid and ribonuclease 
and glycogen. 

The electron microscope has revealed the location and orientation of 
mineral crystals on the collagen fibers as well as their configuration.®® 

The mechanism of bone resorption remains as obscure as ever, although 
the local applic^ation of parathormone can initiate and maintain such re- 
sorption by stimulating osteoclastic activity. Osteoclasts can bring about 
the resorption of both calcified and uncalcified cartilage matrix as vrell as 
osteoid tissue. Just how the mineral matter is made to disappear during the 
process of reabsorption of calcified trabeculae is not clear. Inorganic crystals 
have been demonstrated in the osteo(Jasts, This is very rare, however, and 
the mechanism of action of both osteoblasts as well as osteoclasts in the ab- 
sorption of bone is quite obscure. Tension seems to affect enzyme activity, 
a fact to bear in mind in explaining the effect of tenrion in minding bone. 

The chief consequence of vitamin D deficiency is the disruption of the 
orderly processes of bone formation which we have briefly described. In the 

A. RebinBon, Trans, Srd Con/, Metabolic Interrelations pp. 271-289 (1951); 

R« A. HobinBon, Trans. Sih Con/. Metabtdic IiUerrelaiions 19^ (In press). 
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shafts of the long bones, and in the membranous bones, there is produced 
instead of endosteal and periosteal bone an excessive amount of uncalcihed 
bone, called osteoid. This osteoid is the framework of bone, without lime 
salt addition, so that it is both soft and radiotranslucent. The amount of 
this osteoid laid down varies at different points, increasing at areas of stress 
and strain, but decreasing at points of tension. An example of the former, 
is the excessive osteoid at the tendinous insertions into the bone, within 
the angles of a fracture, and on the concave side of bone generally. I 

When this soft bone is subjected to various and changing stresses and 
pressures such as those that occur in walking, sitting, etc., many types of 
deformities result. The deformities depend on the severity and extent' of 
the disease process, its duration, the age of the child,’® and the stresses and 
strains the bones are subject to. The age is important because it influences 
other factors. The first of these is the rapidity of growth of the various 
bones: the more active the growth, the greater the liability to damage. 
Second, the child’s age and stage of development will determine which of 
the bones are particularly subjected to strain and stress. For example, dur- 
ing the first few months, the child lies on its back, and the stresses on the 
bones during these early months are those of gravity. During that period 
also the head and chest are growing most rapidly. For these two reasons, 
ricketic deformities encountered in the earliest period of life are most con- 
spicuous in these two anatomic structures. 

Changes in the skull are thus among the earliest manifestations of rickets. 
First there is flattening of the occipital bones from the pull of gravity. The 
lack of calcification in circumscribed areas of the skull (craniotabes) is due 
to the failure of calcification in portions of this membranous bone. In the 
areas where the bending of the bone is most pronounced, on the parietal 
and frontal bones, there are accumulations of osteoid tissue which give rise 
to the bossae which are typical of this disease. 

Deformity of the chest and consequent physiological inadequacy of the 
respiratory organs represent some of the most dramatic and serious conse- 
quences of severe rickets.’^ In the advanced case, as- the child lies in bed, 
the front of the chest is seen as a blunt wedge protruding forward, with 
the sternum and adjacent ends of the ribs corresponding to the prow of a 
ship. The anterolateral portions of the ribs, corresponding to the costo- 
chcmdral junctions, have sunk inward, producing the depressions running 
the vertical length of the chest. The clavicles are exceedingly prominent 
and bowed, giving undue prominence to the manubrium sternum. Often 
tibere are midtiple fractures of the ribs. When these fractures are anterior, 
thfgr form small mounds <rf callus; if posterior, they tend to eliminate the 

M. M. Eliot wad E. A. Park, Brennemann’s Praetisc of Pediatrics. W. P. Prior Co., 

HagerBt<rs^, Md., 1950. 

^ E. A. Park md h Howland, BuU. Johna Sopkina Heap. 101 (1921). 
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rounded character of the rib angle. Most important of all is what happens 
at the costochondral junction. Normally, the cartilage and rib shaft are 
accurately and rigidly joined end to end. In rickets, they are separated by 
the soft metaphysis, which has little or no rigidity and permits of consider- 
able movement during respiration. The metaphysis soon gives way to the 
negative intrathoracic pressure, the ribs bec^ome more and more bent in- 
ward, until finally the rib ends lie internal to the cartilage, and the enlarge- 
ment of the costochondral junction is within the chest and compresses the 
adjacent lung. Thus the lung is divided into an anterior emphysematous 
portion and a posterior portion which is partly emphysematous and partly 
atelec^tatic separated by a longitudinal zone of complete atelectasis. 

As one watches such a child breathe, he observes that with inspiration 
almost every one of these deformities becomes exaggerated. The moment 
inspiration ends, the (^hest in early cases springs into the expiratory posi- 
tion. Observation, or measurement, will reveal that the inspiration has 
barely, if at all, increased the chest circumference. Moreover, it appears 
that life is maintained not by the awkward and inefficient movement of 
the rib cage, but by the exertions of the diaphragm. Later the elasticity of 
the thoracic cage is lost and even the diaphragm is partly relaxed during 
rest. 

The essential difficulty physiologically is the loss of thoracic rigidity. As 
this process progresses, the linear depressions which at first were present 
only during inspiration tend to persist in expiration. As the efficiency of 
each respiration is diminished by the chest collapse and the intrusion of 
costochondral junctions and the rib ends into the chest cavity, there is an 
attempt at compensation by increasing the frequency of respiration. But 
the greater and more frequent the force applied, the greater is the collapse. 
The diaphragm pulls its attachments further inward, and the accessory 
muscles of respiration draw the bones out of position without stabilizing 
the chest as a whole. As there is progressive decrease in chest capacity, 
there develops increasing atelectasis, the pressure in the pulmonary circula- 
tion rises, the right heart hypertrophies, and cyanosis may appear. The 
dyspnoea is extreme, the respirations rising to 60 and 100 times a minute. 
There may also appear dilatation of the nostrils, a grunt and a cough. If, 
now, an additional burden, such as an infection, is superimposed, the mech- 
anism and its compensations may fail, the vital capacity becomes equal to 
or less than the tidal air, and permanent cyanosis is the result. Sudden 
death may follow. 

On the other hand, if the child does not die, he may improve. As the 
rickets heals and lime salts are deposited in the bone, the chest regains its 
rigidity, D^pite the persistence of deformities, the eflSciency of respiration 
improves and then may gradually return to normal. 

In neo-natal rickets, the pelvis becomes flattened, by virtue of the pull 
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of gravity on the soft structure. After a few months the child begins to 
spend much of his time in the sitting position. The pelvis must now support 
the weight of the head and trunk, and as a result of this new stress a dorsal 
kyphosis appears. When the child stands up, and later when he begins to 
walk, the strain on the spine changes again. Now the dorsal kyphosis 
changes to a sharp lumbar lordosis, and the spine pushes forward at the 
promontory of the sacrum, thus further decreasing the anterior-posterior 
diameter of the pelvis. In the severest cases, the head of the femur may 
push up the acetabulum, thus further encroaching upon the pelvic space. 

In the period during whit^h the child begins to sit up, various deformities 
of the long bones may develop. The severely ricketic child sits cross-legged 
and supports the weight of his body by extending his hands to the 
table or floor. In this position the upper of the two crossed legs is bent by 
gravity as it extends over the lower shin which acts as a fulcrum. At the 
same time the wrists against which the weight of the body rests may also 
bend. This pressure against soft and rapidly growing bones results in bend- 
ing deformities. Occasionally, the bending may progress to actual angula- 
tion of the epiphyses which is then bent towai'ds the diaphysis. As the 
growth of the diaphysis in the original axis continues, however, the bend 
is accentuated. The process of growth may carry the bend some distance 
from the epiphysis so that its real nature may not be easily rec^ognized. 
Such deformities occur, particularly at the lower ends of the tibiae and 
fibulae, and in the lower ends of the radius and ulna. They occur particu- 
larly when the rickets is severe at about the age of 2 years, when growth 
in these areas is particularly rapid. Bending deformities may also be due 
to fractures which occur chiefly in the severer forms of the disease. In 
addition to the actual bone involvement, there is great relaxation of the 
tendons in rickets, and this looseness seems to initiate or accentuate many 
of the deformities. 

To summarize, curvatures of the shaft may result from bending of 
softened bone, tilting and dislocation of the epiphysis, and as a result of 
fractures. Posture may suffer from tendon relaxation. The typical deformi- 
ties of the lower extremities which occur as a result of these forces are 
bowlegs (genu varum), knock-knees (genu valgum), and saber shin de- 
formity. The curvatures of the arms are much less marked than those in 
the leg. Outward bowing of the humerus and exaggeration of the normal 
curvatures (rf the radius and the ulna may be seen. 

The type of rickets we have been describing is the moderately severe 
type. Park has pointed out that rickets may vary in degree. Both he and 
Fdifs have described cases in adults and in children in which the only 
i^dence of the disease is a slight to moderate increase in the osteoid seam 
aro^d jbrabeculae. This may be limited even to one aspect or side of 
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the trabeculum, with or without minimal changes at the chondro-osseous 
junction in the form of localized defects of cartilage matrix calcification. 
Such cases show no change clinically or roentgenologically, and may or may 
not show changes in the blood calcium or inorganic phosphorus. In contrast, 
the process may be so severe that the bones are almost translucent and 
difficult to differentiate on x-ray examination from the surrounding soft 
parts. 

Since endochondral ossification ceases with the closure of the epiphysis, 
deficiency of vitamin D in older people results only in shaft or diaphyseal 
changes, and the disease characterized by this process is called osteomalacia. 
Pathologically, we see only the superabundance of osteoid around the 
trabeculae and a certain amount of osteoporosis. All the complications of 
soft bones, which we have already described, can then occur. Severe osteo- 
malacia occurs rarely in the western world except during exc'eptional times 
of great stress. An endemic of this disease occurred in Germany during the 
allied blockade in the first world war and in the subjugated countries 
subjected to German genocide methods during the second world war. It is 
sometimes seen following dietary restrictions either self-imposed or im- 
posed as a therapeutic measure. It also occurs in India, in Japan, and in 
northern China, among w'omen, where prolonged lactation, with its drain 
on the calcium reserves, may result in a negative calcium balance. It also 
occurs among women of the higher classes, who practice purdah and are 
therefore kept confined indoors away from the sun.^^ 

At the epiphyseal end of the bones where the process of endochondral 
bone formation normally results in elongation of the bone, rickets mani- 
fests itself by a disruption of the orderly processes which we have already 
described for that area.^^ The progressive steps in that disruption may be 
listed as follows: 

1. Failure of calcium salt deposition in the cartilage matrix. 

2. Failure of the cells to mature, making them impervious to invasion 
and therefore leading to their accumulation rather than their destruction. 

3. Compression of the proliferating cartilage cells. 

4. Elongation, s\velling, and degeneration of the proliferative cartilage. 

5. Abnormal pattern of invasion of the cart<ilage by tufts of capillaries. 

There is some difference of opinion as to what is the very first change 

from normal when the child is deprived of vitamin D. Park believes that 
failure of calcium deposition in the matrix is the first deviation (Figs. 18 
and 19). Because of this failure, the guiding influence of the calcified matrix 
is absent wheii the invading blood vessels approach, and these vessels, 

A. F. Hess, Brickets Including Osteomalacia and Tetany, Lea and Febiger, Phila- 
delphia, 1029, 

” E. A. Park, Uaney Lectures 157 (1038-1939).; 
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instead of taking a parallel course, are diverted and the cartilage is broken 
up into uneven tongues. Park points out that in the earliest cases the his- 
tologist will find only in the fastest growing bone some thinning of an 
occasional spicule, and an area here and there where calcification is entirely 
absent from one of the main partitions in the cartilage.’^ 

As a result of the total or partial failure of the calcification in the matrix 
substance of the cartilage, there is failure of support for the large cartilage 
cells lying nearest the shaft. There results, therefore, the phenomenqn of 
compression of these cells which may be flattened out, or in severe .ses 



Fio. 18. Vertical section of the proximal end of tibia, showing early changes at 
the chondro-osseus junction. Focal defects in the calcification of the zone of pre- 
liminary calcification. 

actually ruptured. Such compression is generally distributed in a spotty 
manner and is severe and generalized only in bones where there is rapid 
growth, and in a child with severe rickets. In a severe case the spicules 
surrounding the cells are bent and^ buckled so that they may actu^ly lie 
on their sides. Occasionally, the fractured spicules may be driven into the 
cartilage. 

The continued proliferation of cartilage cells, without concomitant min- 
eralization and ossifi^tion, results in the lengthening of the cartilage plate 
and in swelling of individual cells. The increase in size of the cartilaginous 
i:^t0 is not due to an increased production of cartilage cells, as proposed 
by 2!iegl^J^ Hiere is a normal production of these cells, but they fail to 

** % 2i^ler, der Allg* Faihal* Anat, 2, 179 (1898). 
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undergo normal senescence and they accumulate, thereby causing a widen- 
ing of the cartilage plate in the proliferative zone (Fig. 20). If the rickets 
persists, however, the rate of proliferation of these cells diminishes, so that 
in extreme cases dwarfism may result. Besides this basic cause of dwarfism 
in extreme rickets, shortness of stature may be due to a bending of the 



Fig. 19. High power of Fig. 18, showing first maturation of cartilage cells with 
disappearance of some of the cells at the chondro-osseus junction. Beginning irregu* 
larity of the blood vessels. Deficient, almost absent calcification in the zone of pro- 
visional calcification. 

soft long bones, and accompanying fractures with shortening, and also to 
squalling oi the metaphysis. 

The pattern of capillary invasion into the growing cartilage becomes 
abnormal in two wajrs. In the normal bone, vessels invade the cartil^ by 
extension from the shaft only. In the ricketic bone, in addition to invaraon 
from the shaft, tiny blood vessels penetrate also from the epph^swl end 
and from the sides. The second abnormality is the type and fonPHtion <rf 
the invac^ng blood vessels. In the normal eartUage the ctipillarias «ire seen 
extending'up from the shaft and penetratms the matrix walls betwowi. tiie 
ceil ccdumns, and by d^xisiting salts .<mi to these partilaons tMy create 
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calcified fasicles. These calcified matrix columns in due time become trans- 
formed into true bone. In rickets, the blood vessels attack several fasicles 
together, and invade the very thick partitions. In severe cases an entire 
bush of capillaries, branching from large arteries and attacking widespread 
areas of the cartilage matrix, may cause gross defects in some parts of the 
cartilage plate, while in other, perhaps adjoining areas, there may be a 
mass of cartilage cells. Only the heaviest partitions remain, and the ost 
blasts settle upon these and cover them with osteoid. . 

Wolbach^* explained the occurrence of this abnormal calcification and 



Fig. 20. Advanced rickets. Marked widening and irregularity of epiphyseal line 
irregular vascular invasion, and defective calcification and ossification at chondro- 
osseus junction. Osteoporotic appearance of metaphyseal region. 


these changes at the chondro-osseus junction as follows; The capillaries 
invade those regions which are uncalcified or soft, anJafter their penetra- 
tion grow into large vessels, drawing away the circulation from the calcified 
areas. Park believes, however, that the compressed cartilage cells we have 
already described form the chief obstruction to the advancing capillaries. 

The abnormal penetration d the blood vessels results in a variable bipod 
fihe different parts of the cartilage, and the sections suffering from 
iiustiffiemt blood may develop abnormally. Aside from the change of the 
cartilage into osteoid rather tlmn bone, there appear also bizarre, degenera- 
tive forms of oiurtilage celb. The cells may vary greatly in size and ^ape, 
oecamcnial ^ipearance of double nuclei. At first these cells stain heavily 

K Weibach, J. Med. Ateoc. lOS, 7 (1237). 
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with hematoxylin, but later, as the degenerative process continues, they 
lose their staining ability entirely. 

The degfflieration of cartilage cells may progress to the formation of 
actual areas of necrosis. Although found most frequently in rats, such areas, 
hemispherical and circumscribed, have also been described in humans. 
Occasionally such degenerative and necrotic areas may dominate the patho- 
logic picture. 



Flo. 21; Large capillary tuft invading the cartilage. Severe rickets. Calcium 
deficiency; large masses of uncalcified osteoid; connective tissue marrow. 

We have already noted that during the ricketic process the proliferation 
of new cartilage cells continues while the formation of bone is retarded or 
stopped. This, together with the invasion of this zone by large vascular 
tufts (Fig. 21), r^ults in the formation of a wide zone, soft and radiotrans- 
lucent, between the shaft of the bone and the epiphysis. This zone, known 
as the metaidiyBis, is an entirely abnormal area in which are scattered all 
the elem^ts of the pathologic picture of rickets, including large vascular 
clumps, whidi mter the area from all sides, masses d cartilage brbW up 
into oartUai^OUs and osteoid trabeculae, bizarre carialage celH occasional 
mineral ih^podts ^resraitii^ evanesc^t attempts at healing, and fod 
of complete degenen^on (¥lg. 22). In th^ regjmi we may note evidmice 
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of the operation of mechanical forces on the newly and poorly formed 
bone. Groups of cells may be compressed, a trabeculum may be bent 
or doubled up on itself, the cartilage column at the periphery may fan 
out to extreme angles, and there may even be a displacement of the up- 
per metaphysis against the bone shaft so that the long axis of both 
structures form an angle (Fig. 23). Moreover, since the human being seldom 
suffers from complete absence of vitamin D, one finds evidence of transient 
periods of healing, followed by recurrence of the ricketic process. To add 



Fio. 22. Metaphyseal area. Irregular masses of cartilage cells, some swollen, some 
compressed; compressed trabeculae of uncalcified osteoid tissue; irregular invasion 
of cartilage by blood vascular marrow which shows early fibrous changes; some 
degenerated cartilage and ghost cells; osteoid Surrounding the invading marrow. 

to the complexity of the picture, one may find evidence also of other vita- 
min deficiency such as deficiency of vitamin C, or, less often, deficiency of 
vitamin A and vitamins of the B complex. Deficiency of vitamin C may 
lead to hemorriiage, osteoblastic degeneration, and fractures of newly calci- 
fied trabeculae. 

This variid)l6 and unpredictable histologic appearance is reflected in the 
ro^tg^ographs of the. bones., Cupping and enlargement of the space be- 
tween the epiphysis and the end d the draft due to the transparency and 
aweiling d the meta|diysis is most obvious. Cortical spurs or linear exten- 
di of tibe eorimt ^ch hug the proliferative cartil^e may be an early 
Flray%s^ d thread-like diadows extending from the end 
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of the shaft into the transparent cartilage, are seen. In early rickets the 
individual threads are short, thin, and hard to see; in moderate and ad- 
vanced cases the threads are long and coarse. In the shaft, the cortex may 
appear thickened and composed of longitudinal, slightly curved interlacing 
lamellae. The bone shadow may be slightly or moderately diminished. In 
the severe forms, there is marked translucency of the entire shaft. If present. 



Fig. 23. Cartilage mass which has been compressed projecting into metaphysis. 
Predominantly connective tissue marrow. 

the x-ray will always show these distortions and fractures as described, 
especially after healing has begun. 

Whether or not the condition of the teeth is influenced by the lack of 
vitamin D is still an open question. It seems that piimaiy dentition may 
be delayed in rickets, and when the teeth do appear they may do so in an 
abnormal order. The permanent teeth also isJiow defects attributable to 
rickets.^*' The teeth which are developing at the time when the rickets 
is most active may, when they erupt, diow a hyjjoplasia of the enameL 

M. M. Eliot, S. P. Southner, B. A. Anderson, andS. Amim, Am.J, DiaeoBes Chil- 

(im). ^ ^ 

^ A. F. Hess and H. Abramson, Denial Cosmos 7S» M9 (IdSl), 
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This condition is characterized by a symmetrical distribution of thinning 
and pitting defects in the dental enamel. Although the relationship of 
rickets to the incidence of caries has still not been established, it is generally 
recognized that rickets results in enamel defects in the teeth which in turn 
predispose to caries. This disabling disorder may be best prevented by the 
ingestion of a calorically adequate and well-balanced diet, along with ade- 
quate amounts of vitamin 


Vn. Chemical Pathology and Pharmacology 

BENJAMIN KRAMER and ABRAM KANOF 


The chemical pathology of vitamin D deficiency is concerned with the 
role which lack of this vitamin plays in preventing or delaying calcification. 
In the last analysis rickets prevention depends upon the maintenance of a 
normal concentration of calcium and inorganic phosphorus in the plasma 
and presumably in the tissue fluids, thus in a large measure ensuring a 
constant and adequate supply of these elements for mineralization of newly 
formed cartilage matrix and osteoid. Exceptions to this rule are seen in the 
very rapidly growing premature or newborn or in chronic nephritis or 
hypei^rath 3 rroidism. An understanding of the mechanism of rickets pre- 
vention therefore involves an understanding of the mechanism of calcium 
and inorganic phosphorus, homeostasis. There are four facets to this prob- 
lem: (1) the mechanism of absorption of calcium and inorganic phospho- 
rus from the gastrointestinal tract; (2) the factors determining the level 
of these elements in the blood; (3) the role of the kidneys in calcium and 
phosphorus homeostasis; and (4) the factors which determine deposition 
of calcium salts in the cartilage and osteoid, and the resolution of these 
same materials (the local factor). 

Just how calcium and inorganic phosphorus are absorbed from the gas- 
trointestinal tract is unknown. We do know that sduble salts of calcium 
are more readily absorbed than the less soluble combinations. A shift of 
the pH of the intestinal contents to the acid side favors absorption, prob- 
ably conversion of the less soluble alkaline salts to the more sduble 

acid forms. The jHesence of large amounts of fats, especially the higher 
fatty adds, gives rise to hi|^y insoluble calcium salts, while an excess of 
cadMiydrate, by increasing fermentation, shifts the pH df the intestinal 
(Mjmtents to the acid state and may fpve rise to the more volatile and more 
soluble lower fatty adds. 

M. €. Agfiew, H. €. Agnew, and F. F. Tisdall, J. Am. Dmt. Absoc. SO, 193 (1933). 
t* A..F. SM, Ahranuoa^ and J. M. Lewis, Am, J, Dma*m Childrmi7, 477 (193ti* 
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We liave noted that the formation of insoluble salts of calcium such as 
oxalate, tartrate, and alkaline phosphates, for example, tends to interfere 
with absorption. Much of this interference with the absorption of calcium 
can be overcome by inclusion of vitamin D in the diet, or by adequate ir- 
radiation with ultraviolet rays of the correct wavelength. Thus, in the 
absence of vitamin D, less than 20 % of ingested calcium is absorbed from 
the gastrointestinal tract; if there is an adequate vitamin D intake, 50 % to 
80 % may be absorbed. 

In the case of phosphate, which constitutes the most important anion 
component of the calcium salts, the situation is rather more complicated, 
for phosphorus plays an important role in innumerable enzymic processes 
within the cells and is a constituent of many cellular components, e.g., 
nucleic, acid, phosphatides, phosphoproteins, creatine phosphate, hexose 
phosphates, ATP, ADP, etc. Phosphorus must be available at all times for 
basic chemical processes. 

It is therefore not surprising that the absorption of phosphorus from the 
gut is in large measure independent of vitamin D intake, and that such 
inefficiency of absorption as is observed in rickets is secondary to the failure 
of calcium absorption. Moreover, such improvement of phosphorus absorp- 
tion as is obtained by feeding vitamin D to the ricketic patient is a conse- 
quence of improvement of calcium absorption.^ The degree of phosphorus 
absorption can be influenced by the pH of the intestinal tract. Adminis- 
tration of cations, such as iron, aluminum, or beryllium which form insoluble 
phosphates wll interfere with the absorption of phosphate.* 

The level of calcium and phosphorus in the blood is not entirely depend- 
ent upon the amount of these elements absorbed from the gut. Physico- 
chemical as well as endocrine factors play a part-. The relationship between 
the plasma calcium and inorganic phosphorus concentration is reciprocal, 
as is that of the ions of any slightly soluble salt in a saturated solution, and, 
presumably, the maximum concentration of either in the presence of the 
other determines the magnitude of the solubility product. When the solu- 
bility product falls below a certain critical value, lime salt deposition 
becomes irregular, and if this is sufficient to interfere with the normal se- 
quences of organic bone growth and mineralization of these tissues, rickets 
develops. The magnitude of this solubility product in the human varies 
with age, decreasing as the rate of bone growth diminishes. It can increase 
to a higher level fcdlowing fractures, or it may drop to a lower level with 
infection. Both endocrine and physicochemical factors determine the satura- 

‘ R. Nicolaysen, Biochem. J, 81 , 122 (1937). 

* F. Allaright, and E, C* Beifenstein, The Parathyroid Glands and Metabolic Bone 
Disease, Williams & Wilkins Co., Baltimore, 1948, p. 38. 
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tion level. The attainment of the normal level in the otherwise normal 
individual depends chiefly on an adequate intake of vitamin D.® 

The availability of calcium to the plasma does not in itself determine its 
level in the plasma, since introduction of calcium to the plasma in hypo- 
parathyroidism results only in a temporary rise in the plasma calcium 
concentration with a rapid re-establishment of the previous low calcium 
level. In the ricketic child with hypocalcemia the administration of soluble 
calcium salts in the absence of vitamin D will restore the normal serum 
calcium level, but there will follow a simultaneous drop in inorganic^ pnps- 
phorus concentration. In the presence of adequate vitamin D intake, 
normal calcium level is restored while normal inorganic phosphorus re- 
mains unchanged, thus establishing a higher calcium phosphorus product. 
Only toxic doses of vitamin D will raise this product still further. This 
indicates the existence of a homeostatic mechanism which tends to keep 
both ion concentrations at a level which is constant for the age group. 
Vitamin D therefore influences the concentration of calcium in at least two 
ways: by increasing absorption from the gastrointestinal tract, and by 
raising the solubility product of calcium phosphate in the plasma, and 
perhaps by regulating renal loss of calcium and phosphate either directly 
or through the parathyroid glands. The mechanism seems to be as follows: 
the vitamin D produces a rise in the serum calcium, which in turn depresses 
parathyroid activity. Since the action of the parathyroids is to diminish 
the renal threshold for phosphorus, their suppression raises the threshold 
and elevates the serum phosphorus level.* 

Under normal conditions bone acts as a reservoir for blood calcium. Hast- 
ings* has demonstrated a rapid restoration of plasma calcium after re- 
moval of calcium from the blood and the return of such decalcifled blood 
to the circulation. Presumably this is accomplished by solublizing calcium 
from bone. It is possible that the parathyroid glands play an important 
role in this process. It is postulated that bone mineral forms the solid phase 
of a bone-tissue fluid blood plasma system which is normally in equilibrium. 
A reduction of plasma calcium concentration disturbs-this equilibrium, and 

* For a given animal there would seem to be two products, one that is maintained 
in the absence of vitamin D, and and^er, higher one when adequate vitamin D is 
available. The former may be attained with a normal calcium level and a low 
inorgaiuc phosphorus concentration or a low calcium with a normal inorganic 
phosphorus. The level of one ion is at the mercy of the amount of the other that 
enters the plasma. With adi^uate vitamin D the total product as well as the 
cmnsentration of the individual components are stabilised, and if disturbed by 
excemye ingestion of one, equilibrium is rapidly re-established at the normal level. 

* F.. Albright and £. C. Beifenstean, The Parathyroid Glands and Metabolic Bone 

> Disease, p. 127. Williams A Wilkins Co., Baltimore, 1948. 

A, B. H^tigs, Nm Enffi. Mitd. J.m, 377 (1937). 
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bone calcium is mobilized to restore the normal concentration of the liquid 
phase. Just how this is accomplished is not clear, since calcium in bone is 
presumably tied up with structural materials in bone, and resolution of 
calcium salts usually goes on parallel with organic bone destruction. 

The amount of phosphorus required is in excess of the amount needed 
for bone mineralization alone, since phosphorus participates in most chemi- 
cal processes in the cell. In addition it is an important buffer in maintaining 
the normal reaction of blood plasma and in enabling the kidneys to excrete 
large amounts of inorganic and organic acids within the normal span of 
urinary pH. Although the mechanism of excretion of calcium and perhaps 
the mechanism of its resorption by the kidney has not as yet received suffi- 
cient attention, the problem of renal clearance of inorganic phosphorus has 
received considerable study. These studies have concerned themselves not 
only with normal subjects but also with individuals suffering from various 
bone diseases, as well as other conditions such as acidosis, diabetes, and 
parathyroid disturbances. When vitamin D is not available in the animal 
with intact parathyroid, inorganic phosphate clearance seems to be in- 
creased by virtue of a diminution in tubular resorption, a result of the un- 
opposed activity of parathyroid hormone. This may explain the normal 
plasma calcium level in most cases of rickets, in spite of defective calcium 
absorption from the bowel. The hypophosphatemia in rickets is presumably 
in part due to this defect. It is possible that the parathyroids play a part in 
this process, since in experimental rickets these glands are found to be 
enlarged. This may also explain the presence of a normal or only slightly 
reduced calcium level in rickets due to vitamin D deficiency where absorp- 
tion of calcium from the gastrointestinal tract is minimal. This increased 
parathyroid activity has a twofold effect, the protection of the organism 
against tetany by maintaining a normal calcium ion level in the face of 
decreased calcium absorption from the gastrointestinal tract and an ex- 
cessive inorganic phosphorus clearance by the kidney with resulting 
hypophosphatemia. In this way the ricketic condition is aggravated while 
the child is protected from the possibly fatal convulsions of tetany. 

The action of vitamin D differs in the parathyroidectomized animal as 
compared to animals with intact parathyroids. It is possible that with in- 
tact parathyroids adequate intidce of vitamin D depresses parathyroid ac- 
tivity, resulting in a greater resorption of phosphorus by the renal tubules, 
although the actual amount of phosphorus excreted in the urine exceeds 
that found during active rickets (vitamin D deficiency). In parathyroidec- 
tomized animals or human beings, vitamin D actually increases reual loss 
of phosphorus. 

The action of vitamin D in the ricketic animal is threefold: (1) It restores 
the normal capacity of the gastroint^tinal.tract to absorb calcium. (2) It 
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restores the normal phosphorus absorption which was secondarily impaired 
by defective calcium absorption and the formation of slightly soluble phos- 
phates of calcium. (3) It increases urinary phosphorus excretion, although 
phosphorus clearance actually is decreased because of increased tubular 
resorption of phosphorus. This is accomplished presumably by the inhibi- 
tory effect of increased plasma calcium upon parathyroid hormone secre- 
tion. In the absence of the parathyroids phosphorus clearance is actually 
increased by vitamin D intake. 1 

Thus with more calcium and inorganic phosphorus available from exog- 
enous sources and improved phosphorus resorption by the kidney, normal 
levels of both elements are maintained, and normal miners lization of bi^ne 
is restored. Whether parathyroid hormone acts not only through the kidn^s 
but also directly on the bone itself is not known. 

In the serum of normal children the concentration of calcium is remark- 
ably constant, at about 10 db 1.5 mg. %. The inorganic phosphorus content 
of the serum is also fairly constant and in normal children is usually about 
6 d= 1 mg. %. In the newborn infant the calcium content of the blood serum 
may vary between 7.0 mg. and 11.0 mg. per 100 ml. The inorganic phos- 
phorus content of the blood in premature and newborn full-term infants is 
5.0 to 6.0 mg. %; it is slightly lower after 3 years of age, and still lower in 
adults. It has been demonstrated that, whereas in tetany there is regularly 
a marked reduction in the calcium of the serum, the drop in rickets is in- 
frequent and may be caused by other factors than the vitamin D deficiency. 
There is, however, a constant and sometimes marked decTease in the con- 
centration of inorganic phosphorus with patients suffering from rickets. 
Howland and Kramer* and Iverson and Lenstrup^ independently made 
observations with respect to inorganic and reid-soluble phosphorus in 
patients with rickets and found that it varied from 0.6 to 3.2 m%. per 
100 ml., the average being 2.0 mg., or less than 50% of the normal .^erum 
content. Howland and Kramer showed* that the administration of cod liver 
oil in therapeutic doses had no effect on the calcium concentration but did 
result in a marked increase of the phosphorus level. ““ 

We may say, therefore, that there is a fairly constant and a clinically 
significant deficiency of the inorganic phosphorus of the plasma in rickets. 
Howland and Kramer developed a mathematical formula which deter- 
mines the chemical requirements for normal bone deposition.* They found 
that in most cases of unc<miplicated rickets if the product erf calcium con- 
centration in milil^Btns per cent and the inorganic phosphorus concentra- 

* J, Howland and B. Kramer, Am, J, Diseases Children 105 (1921). 

; ^ Iverson attd £. Leniitrup, Farhandlingerne Ved, Forste Nardiske Konyres M 
: P 

. and B. Kramer, Trans, Am. Psdint. See. U, 204 (1«J2). 
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tion in milligrams per cent is less than 30, rickets exists; if it is above 40, 
rickets is not present or is healing. Studies on in vitro calcification indicate 
that the blood of the normal child is sli^tly undersaturated with respect 
to secondary calcium phosphate, and that equilibration experiments with 
bone and artificial sera, as well as similar experiments using either tertiary 
calcium phosphate or hydroxyapatite as the substrate, all point to the fact 
that the determining factor in precipitation is the solublity product of this 
compound (secondary calcium phosphate). Since both components enter- 
ing into this product are represented by the first power, it follows that there 
must be some relationship between the actual ion product and the product 
expressed in this simple non-chemical way in terms of milligrams of each 
component in 100 ml. of serum. 

It must be emphasized, however, that the product is not the only factor 
determining calcification. In rapidly growing premature infants osteoid 
formation may proceed so rapidly that calcium salts deposition fails to 
keep pace although the Ca X P product is normal. 

Obviously the Ca X P product is only one basic essential for calcifica- 
tion. Only certain tissues will calcify, although all are bathed presumably 
with the same tissue fluid having its origin in the same plasma. Local pro- 
cesses probably bring about a further increase of the product, presumably 
by increasing the anion level. The many factors which may play a role in 
this complicated process have already been discussed. Alkaline phosphatase 
is the only one of the enzymes involved which can be readily measured. 
The number of units reported in a particular case represents the number of 
milligrams of inorganic phosphorus liberated by the amount of enzyme in 
100 ml. of ser u m. The normal plasma values for children vary between 5 
and 15 units. In active rickets this value is increased, and it is diminished 
during healing. As the excess tissue either becomes calcified or resorbed, the 
phosphatase concentration in the plama tends to return to normal. 


Vm. Requirements 

A. OF ANIMAI5 

JAMES H. JONES 

So many factmrs influence the requirements for vitamin D that it is diffi- 
cult to mtpress cfuantitatively the need of animals for this vitamin, uidess 
^he envirimmmit and diet are known. The most important of these factom 
is sunlight. I* is weQ . recc^;mzed that exposure to sufficient sunanw sun- 
shine makes the ghdng vitamin D unnedesstuy. Consequently, 
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termination of the requirements of any species for vitamin D is done under 
conditions which exclude the actinic rays. 

The amount and ratio of calcium and phosphorus in the diet also in- 
fluence the need of the animal for vitamin D. As discussed previously, it 
is impossible to produce rickets in rats and other rodents which have been 
studied unless the diet is low in either phosphorus or calcium. However, 
even with larger mammals and fowls which develop rickets on diets /con- 
taining ample amoimts of calcium and phosphorus, the demand for vitamin 
D is increased if the ratio of calcium to phosphorus is far removed ){rom 
that required by the animal, and/or the calcium or phosphorus in the aiet 
is deficient. \ 

The availability of phosphorus (and also calcium) is another factor\in 
the requirements of animals for vitamin D. Most of the common ricketo- 
genic diets contain approximately 0.3 to 0.4 % of phosphorus. If this were 
all available, these diets would not produce rickets in rats, but they are 
composed largely of cereals which contain considerable phytic acid. The 
phosphorus of phytic acid is not available until tbe acid is hydrolyzed by 
the phytase of the intestinal secretions. When a large amount of calcium 
is added to the diet, the phytic acid is precipitated as the calcium salt. 
The acid cannot be hydrolyzed, and the phosphorus cannot be made avail- 
able. Mellanby' discussed the chemistry of phytic acid and its salts and their 
relation to rickets. If the diet contains inorganic phosphates, it is probable 
that here again the high calcium makes some of the phosphorus unavailable 
by precipitating it as an insoluble calcium phosphate. 

Still another factor which influences the requirements of animals for vi- 
tamin D is the acidity of the diet. As the acidity is increased, the less rick- 
etogenic tHe diet.becomes.^ The effect, in all probability, is due to an in- 
creased solubility of tbe calcium and phosphorus. Sh(^ et al.,* however, 
found little difference among acid, neutral, and alkaline phosphates in 
their effects on rickets in rats. 

In the following discussion oh the requirements of farm animals, it is 
assumed that the animals are away from direct sunlight, but that the sup- 
ply of calcium and phosphorus is adequate, and the ratio of these two ele- 
ments io each other is not far fn»h that demanded by the animals. 

Recently the Committee on Animal Nutrition of the National Research 
Council has issued i^erai reports giving the rec<Hnmended nutrient dlow- 

> E. MeUwoby, A ^tory ef Mtitritionsl Research. Williams and Wilkins Co., Balti- 
more, I960. 

* T. E. Zneimr, W. C. Johnson, and M. Bmnett, Proe. Soe, Exptl. Biol. Med. 90, 
> 90 (19^1928). 

‘ f: B. Bennett, uid K. L. Weed, J. BM Chem. 7S. 181 (1928). 
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ances for domestic animals.* The following data dealing with the recom- 
mendations for vitamin D are taken from these reports. 

In Table XI are given the recommended daily amounts in international 
units of vitamin D for the maintenance of chickens of various weights and 
for laying and breeding. The recommended amounts of vitamin D per pound 
of feed for starting chicks (0 to 8 weeks), growing chicks (8 to 18 weeks) 
laying hens, and breeding hens are 180, 180, 450, and 450 A.O.A.C. units, 
respectively. For turkey poults, growing turkeys, and breeding turkeys, 
800 A.O.A.C. units of vitamin D per pound of feed is recommended. 

The recommended daily amounts of vitamin D, in international units, 
for various weights of market swine and for breeding stock are given in 


TABLE XI” 

Recommended Daily Allowances* op Vitamin D fob Chickens 



Maintenance 

Laying j 

Breed- 

Body weight, lb. 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

4.5 

5.5? 

mg 

White Leghorns 

11.88 

18.5 

23.2 

26.1 

28.3 

31.1 

28.4 



92.7 

92.7 

and similar 
breeds 












Heavy breeds 

12.6 

18.7 

25.7 

30.1 


36.0 


34.2 

36.0? 

111.6 

111.6 


” Adapted ^rom Recommended Nutrient Allowances for Poultry: A Report of the Committee on 
Animal Nutrition, National Research Council. 

° International units per animal. 


Table XII The quantity of vitamin D per pound of feed recommended for 
all types of swine is 50 I.U. 

The daily allowances of vitamin D for dairy cattle are again based (m 
body weight. For heifers weighing 50, 100, 150, and 200 pounds, the rec- 
ommended amounts are 200, 400, 600, and 800 I.U., respectively. The 
allowances per pound of feed for dairy heifers vrei^iing 50, 100, 150, and 
200 poimds should be 220, 200, 150, and 130 I.U., respectively. No rec- 
ommendations are made for heavier animals. 

No general recommendations are made regarding the needs of beef cattle 
for vitamin D. It is pointed out that usually these a nim als receive suffi- 

* Committee on Animal Nutrition, Recommended Nutrient Allowances for Dogma- 
tic Animals; No. I, Recommended Nutrient Allowances for Poultry (Ravish 
IdSO); No. II, Recommended Nutrient Allowances for Swine {Revised 1980); 
No. Ill, Recommended Nutrient Allowances for Dairy Cattle ^viMtdll^)^ 
No. IV, Reomnmended Nutrient Allowances for Beef Caftla (Revised^wOJfj 
lio. V, - ««w>mTnftnA>d Nutrient Allowances for Sljie^ ^tovis^ 1^, Vly 

Recommended Nutrient Allowmoe* for Sforaiss (lOip)' 
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cient sunlight to make a dietary source of vitamin D unnecessary. How- 
ever, the report on the nutritive recommendations quote Bechtel et aZ.® as 
finding the vitamin D requirements of young beef calves to be about 300 
I.U. per 100 pounds of live weight. 

Sheep, like beef cattle, also spend considerable time on the range and 
probably need no dietary source of vitamin D. Lambs away from sunlight 
should be given this vitamin, and the Committee on Animal Nutritfon 
recommends a daily allowance of 250 to 300 I.U. of vitamin D per ibo 
pounds of live weight. In a similar manner, the working horse in all prob- 
ability needs no dietary source of vitamin D because it is exposed to direit 
sunlight for hours at a time. Where horses are confined away from the light 
of the sun, it is recommended that the daily allowance be 300 I.U. per 106 
pounds of live weight. There is no experimental information available on 

TABLE XII“ 

Recommended Daily Allowances^ of Vitamin D for Swine 

Breeding stock 


Pregnant females 

and breeding boars Lactating females 


Market stock 


Young 


Adults 


Gilts 


Adults 


Live weight, Ib. 50 100 150 200 250 300 500 350 450 

Vitamin D ISO 265 340 375 415 300 375 550 625 

* Adapted baa Beoammended Nutrient AUowsnoea for Swine; A Report of the Committee on 
Animal Nutrition, National Research Qouncil. 


but the recommeh^tions are based on knowledge concerning 
other anioH^. 

It is to ber- remembered that, these recommeBd||kp are not minimal 
quanl^ies, but a rather liberal -aUowance has beiw'l^e for a margin of 
^ety. _ 

Hams ^ d.* found that for f^es on a basal diet which contained 0.82 
I.tJ. of yitamin D per gram the addition d 200 I.U. per kilogram of body 
not above the limit for best physiolf^cal efficiency.” They’ 
a^ studied the requirements of minks i(x vitamin D, and they found 
that per gram of food was sufficient, provided that the ctdcium 

^ Wit between 0.75:1.00 aod 1.70: 1.00. 


Hallnuia, C. F. Huffman, and C. W. Dun«u>, Aft. Mxpt- 

(i^>. 

*t,. E: Huria, C. F. Bassett, and C. F. Wilke, J, NvtHtion tt, 153 (ItSl). 

* 6. F. Baapett, X. E. Huria, and C. F. Wilke, /. Nutr&hn M, 433 (1951). 
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B. OF HUMAN BEINGS 
BENJAMIN KRAMER and ABRAM KANOF 

In general terms the amount of vitamin D required by any human being 
is the amoimt needed to permit normal growth and mineralization of the 
bones and teeth during infancy and childhood and to maintain these struc- 
tures during later life, as well as to meet the increased demands of infection, 
pregnancy, and lactation. Specihcaily, the determining factors for vitamin 
D requirement are the varying capacity of people of various ages to absorb 
and retain caljpium, the rate of growth of the individual, and the adequacy 
of the diet as regards not only the absolute amounts of calciiun and inor- 
ganic phosphorus but also the ratio of the elements to each other in the 
diet. The nature of the compound of calcium or phosphorus may determine 
the availability of the element for absorption by the intestine or utilization 
by the tissues. Thus the less soluble cnlcium salts are more poorly absorbed 
than are the more soluble ones. In phytin the phosphorus is almost com- 
pletely unavailable. Inorganic phosphorus is better absorbed than organic 
phosphorus from the gastrointestinal tract even in osteomalacia. 

However, a high Ca/P ratio means poor phosphorus absorption, whereas 
a very low ratio means poor calcium absorption, especially where the in- 
testinal contents are alkaline in reaction. Similarly, any cation such as alumi- 
num or Fe which tends to form poorly soluble phosphorus compounds will 
interfere with phosphorus absorption. The proportions of protein, fat, and 
carbohydrate in the diet influence calcium and phosphorus absorption 
through their effect on the reaction of the intestinal contents. Little is 
known regarding the mechanism of absorption of calcium salts, but the less 
favorable the condition for calcium and phosphorus absorption the more 
vitamin D will be required to ensure optimal utilization of available ma- 
terials. 

Roughly, the daily need for calcium is 0.1 g. throughout infancy,’ 0.3 g. 
during cMdhood, and 0.5 g. during adolescence.* The actual amount re- 
quired by an individual will depend directly on his rate oi growth, hence 
the tendency of the rapidly growing infant to devel<^ rickets under condi- 
tions in which the adult will be free of disease. Hie prematurely bom infant 
is born with a min i ma l store of calcium and idio 8 idioru 6 , and in adifition 
under phc^ier conditions his rate of growth is greater than that of the full- 
term infant. He &en suffers from a doable hanificsq), nam^, a 0 «ata: 
need d bone-foiping mineralB and vitamin D, with a decreased e^iiiadity. 
fmr. absorption these substmice. The fetal need fw calcium during ^ 1|^ 

’ Whtle House Conference R^orta: II Nutritiim, p. 196. C^tiay Ce., Nefr 

im. * 

* t. htitch, <1: ^s. t, 6S8 *’■ . 
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month of gestation is 0.3 g. daily. A newborn premature infant simply can- 
not ingest enough calcium to enable him to retain this amount plus the 
extra amount needed for his rapid growth. Such an infant will need large 
doses of vitamin D to prevent rickets.*® 

The infant fed on the usual cow’s milk dilutions ingests an enormous 
amount of calcium and inorganic phosphorus per square meter of body 
surface as compared to the adult or the breast-fed infant. HoweverJ the 
Ca/P ratio of cow’s milk is far from optimal and at times may be dangesous, 
whereas the breast-fed infant, although receiving a much smaller amount 
of bone-forming elements, ingests these materials in a more optimal ratio 
and in amounts which do not tax the calcium and inorganic phosphoms 
homeostatic mechanism of the kidney. It is perhaps this which explaips 
the lower incidence of rickets and ricketic tetany in breast-fed infants. 
More than 95 % of ingested calcium goes to form bone. For this purpose an 
^ount of phosphorus equal to about 60 % of retained calcium is needed. 
Since pho^horus plays an important role in all intracellular chemical proc- 
esses, an additional amount of phosphorus is needed by the cells. In addi- 
tion to this factor, it seems also that the requirement of a breast-fed infarit 
for phosiidiorus is generally less than that of one fed on cow’s milk. 

Infections may be associated with deficiency of blood calcium and in- 
organic phoephorus, even when ordinarily adequate amounts of vitamin D 
are ingested. 

For a clearer understanding of the problem of vitamin D dosage in the 
hunum being, it is important to differentiate between the prevention and 
the cure of vitamin D deficiency (rickets) and also to determine whether 
we are dealing with an organism that is initially normal or one suffering 
from viscerid or other disease or immaturity of vital organs. For practical 
reasons, an adequate preventive dose of vitamin D is one that will prevent 
all clinical and radiographic evidence of rickets whereas a therapeutic dose 
is one that will re-est^lidi normal calcification and bone growth and in due 
time correct most ai the deforhlities of the disease. Some telltale radio- 
gn^bde evid^ee ma^ pemst in ipite of adequate dosage, and occasionally 
grOsK dianges may reqture surgical interv^tioh or other forms of therapy. 
A ihwe^tf vitamin D that will cure>nckets is also adequate to prevmt the 
disease. , 

^.IHWmiti<m a rickets in tfaf average normal infant 1000 units of 
P 9 ven da% oralj^ rithm* as a cimc^trated firii ml or as vitunin 
-D’diB^med in water will suilce. Vitamin D-miruhed inilk contahung 4Q0 
U.S.P. units per liter is now widdy used either witib frerii coW’s milk, eVSpo- 
wted, or 4ried mi&. The adva^htage of vitamin D*eittri(hed mfik is that 

^swwaMiO.Btesnia, ^>eVitaiBins, p. 403. Anutimn Medical Aaaooiatioa, 





r Y^^VNjQn ^^f*i •IPillPP^pj 

to«MA^dilKw«Ml1»t1^iiiMkk I). 11^1^ 

vmi^lia/ff Aanii. iwelwai^ }>e i^pgm h WMter-iffiiqpll^^ Itwm k dfNte «l 
IKXXlWto per dijr lito^KitBe «f poadyWte <ieleotive ajtitfoiiipt^ lal aosw lalw 
and falHidiV^ vitiwuiis. Ocxxuriiffludly, 

amounts mmy liaivo to be detwanioed by tbs metbod ol tdal and enrar, 
(xmtrolled with sstud xHmys of tiw eztnnnitiM aiMi r^eftted dete^^ 
of jpbuBna, calcium, uuufsamo jdiosidxonia, and pbotfdmtase. Frematui^ 
bom Mbnts may require a someidiat laqser dose. 

Ibis ttus^Sip^ idsniM bo oontmued througbout tbe year, ratber than 4n* 
pend on duinoe soilar imubatum during; the summir mnatlio. When moibats 
cannot be depended upon to ctmtinue this medication or ^idrue oonditigwi 
eMst that nu^ adequate medieal supendaimi impoonble or in Ibe pieseme 
of inobmeed infection, tbe laiip!i single d(Me (d €00,000 units every 6 molB^ 
smMmtly may be u^ with favondde results. Conical and pathologitod 
sbidieB d)ow that there is hide rab of hypmvitaminosis withsudh tbenqiQ^. 
For tbe treatment of lidketa in the oiberwise normal <bUd a rimilar dsae 


will suffice. Vitamin D higbiy dispueed in ndlk or in water seems to be 
more effective than when administered as a ooocentxated ftb oil. As little 


as 400 units <d vHamin D in milk wiU in due tbne core tbe majoctty <d ridc- 
etic children. Warn administeted as vitamin D in oil, 1000 undta da% hi 
usually required. It is important tibat the diet oontaln adequate amonsts 
of calcium dad pboqthoma, pratonidy in a 2 : 1 ration, as w<^ aa a mbdnre 
of good protebu. 

Wham iidsibi|Nmdam la spite of adequate vitaann D dosage, aa eiqMliar* 
naticat most tm aonght in a oarefbl study of tha organism itself. A maMhm 
<d ii|diioCraidapF bases imve been dssetSbed, and mimy of tbeaebavabShii 
aohieoted to esfewtstive metaboBc study. IDefeeti of absmitIjkNi (emttm 
dissaae, (^stic fibtosia nf tbe psncieaa, sptnOi idiOpaiSdd sias4onliiia, in* 
tsstiagil shunts, intestinal anomslies, tdomative esbtbO esay mtpbdh the 


loftiwbMF state. 

tniam bite fails 1» enter tlm mtssdiml tmet, as hi 
ohsteusthm, ote^cenHal sbsencs of dimti, m 

m ba^ fMas, fdaoiq^tion of fatHM^^ 
is blilmNidMid liibms rosy fail to mspondt^ 

in aiwiH of liver daeosgs, as lb ' 

maylHiiigiMbMbtoi^^ .. 

Ito lUl pwi iwi yM ^ 

thittiMl ’ Aim>n am isieotiobS i 
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phosphorus concentration and healing of the ricketic lesion in the bones. 
Increased dosage of vitamin D or its administration in highly dispersed 
form in a watery dispersion or parenteral administration of the vitamin 
may solve the difficulty in some of these cases. In other cases functional 
disease of the kidney or diseases of the parathyroids may explain the persis- 
tence of the ricketic state and its progress in spite of therapy. In some in- 
stances much larger doses of vitamin D will suffice, whereas in others/ sup- 
plementation of vitamin D with other substances is required. In onelsuch 
case, Albright, Butler, and Bloomberg found it necessary to increase the 
daily dose of vitamin D to 1,500,000 units in order to initiate healing and to 
give 150,000 units daily in order to maintain the normal state. However, 
before one concludes that a patient has refractory rickets, one must\be 
certain that he is not dealing with some endocrine imbalance (hyperpara- 
thyroidism) or some other abnormality such as a disturbance of acid-base 
equilibrium, renal insufficiency, hypercalcemic rickets, liver damage, the 
De Toni-Fanconi syndrome, the hyperplastic form of chondrodystrophy, 
or rickets due to a disturbance of cysteine metabolism or due to biliary ob- 
struction. I 

Refractoriness due to chronic acidosis should be treated with alkalies in 
addition to large doses of vitamin *D. Some cases of chronic acidosis are 
due to a defect in the ammonia-producing mechanism in the renal tubules. 
This is corrected by the administration of large amounts of base such as 
sodium, potassium, calcium, or magnesium, an alkaline ash-yielding diet, 
along with adequate doses of vitamin D, or simple sodium bicarbonate or 
citrate. A form of rickets associated with chronic renal disease and hyper- 
chloremia has been described. This responds to a mixture of sodium citrate 
and citric acid, in addition to massive doses of vitamin D. In the De Toni- 
Fanconi i^ndrome there is evidence of renal tubular dysfunction. There is 
normal excretion of ammonia, but the blood shows a low bicarbonate, evi- 
dence of compensated acidosis, marked and persistent hypophosphatemia, 
occasional hypocalcemia, and, in the later stages, a decrease in the blood 
sodium, potassium, and chlorides. Treatment is ineffective. 

Although the practice is widespread of discontinuing prophylactic use of 
the vitamin after the age of 2, when a mixed diet is ingested. Park’s studies 
have demonstrated histological evidence of rickets in children even up to 
14 years.^^ This would indicate the need for the continuance of sup- 
plementary vi|||||in D up to that age, in doses about half that for infants. 
Kormal adultjsfWy rely oh sunshine and incidental ingestion of the vitamin, 
but women during pregnancy and lactation require about 1000 units daily 
.to hvoid the deleterious effects of vitamin D deficiency. 

Single mas^e doses of vitamin D sometimes may be used. This method 

E. H. D. Jackson, M. M. Eliot, and E. A. Park, Am. /. Diseases 

DMldrm iS 
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is advised when the mother cannot be trusted to give oral medication regu- 
larly, or when rapid healing of rickets is indicated, as in thoracic rickets, 
or in rickets complicated by pneumonia or whooping cough, when the per- 
sistence of the ricketic state is itself a menace to the life of the child. It is 
especially useful in tetany. For the single massive dose therapy 600,000 
units may be given orally or by intramuscular injection. Post-mortem 
studies have failed to reveal any detectable harm from such therapy. 

Although the primary indication for the use of vitamin D is the preven- 
tion and treatment of rickets and infantile tetany, there is some evidence 
that the use of this vitamin may also help in the normal development of the 
teeth. 

In recent years vitamin D has been used extensively, usually in massive 
doses, in the treatment of diseases having no obvious relationship to rickets, 
tetany, or dental caries. Favorable results have been reported in intestinal, 
bone, and lymph-node tuberculosis, arthritis, in acne vulgaris,'^ in 
hay fever, in asthma and urticaria,^® in psoriasis, in the prevention of 
anterior poliomyelitis;^* in the treatment of toxemia of pregnancy,^® and in 
the amelioration of the bleeding tendency in obstructive jaundice.^® More 
recently, Pascher has summarized the evidence in favor of vitamin D in 
the treatment of lupus vulgaris.®^ Sobel and his coworkers have studied the 
role of vitamin D in experimental lead poisoning.®® It should be emphasized 
that some of these therapeutic reports have by no means been substantiated, 
and that most of the instances of vitamin D poisoning have arisen in the 
course of such treatment. 

Table XIII summarizes the forms in which vitamin D may be given, 
and the daily doses required for prevention and treatment of rickets. 

** B. L. Wyatt, R, A. Hicks, and H. E, Thompson, Ann. Internal Med. 10, 534 (1936). 
B. L. Wyatt, R. A, Hicks, and H. E. Thompson, Ann. Internal Med. 10, (1936); 

I. Dreyer and C. I. Reed, Arch. Phys. Therapy 16, 537 (1935); E. G. Vritak and 
R. S. Lang, /. Am. Med. Assoc. 106, 1162 (1936). 

0. A. Simpson, F. A. Ellis, and H. Kirby-Smith, Arch. Dermatol, and Syphiled. 
41, 835 (1940); M. B. Sulzberger, Year Book of Dermatology and Syphilology, 
p. 14. Year Book Publishers, Chicago, 1949; F. C. Combes, Med. Times, Chicago 
77, 473 (1949). 

B. Z. Rappaport and C. I. Reed, J. Am. Med. Assoc. 101, 105 (1933). 

B. Z. Rappaport, C. I. Reed, M. L. Hathaway, and H. C. Struck, J. Allergy 6, 
541 (1934). 

L. Olivetti and E. Ratto, (Horn ital. dermatol. e sifilol. 90, 187 (1949); H. Schmit2S, 
Praxis 36, 307 (1947); J, Krafka, Jr., J. Lab. Clin. Med. 31, 1147 (1936); E. T. 
Cedar and L. Zon, Publ. Health Repis. (U. 8.) 62, 1680 (1937). 

J. A. Toomey, Am. J. Diseases Children 68, 1202 (1937). 

G. W. Theobold, Lancet I, 1397 (1937). 

»L. B. Johnston, J. Med. 18, 235 (1937). 

F. Pascher, M. G. Silverberg, Iv E. Marks, and J. Markel, J. Invest. Dermatol. 18, 
69 (1949). 

« A. E. Sobel, H. Yuska, D. D. Peters, and B. Kramer, J. Biol. Chem. 188, 239 <1940)^ 
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1 . Hypervitaminosis D 

The pathologic effects of overdosage with vitamin D have been studied 
chiefly in individuals who have received massive doses of calciferol in the 
treatment of arthritis. In children there have been additional cases re- 
ported as a side effect of vitamin D treatment for tuberculosis or after 
receiving imperfectly irradiated ergosterol preparations containing large 
amoxmts of toxic intermediates (vigantol). The basic pathologic effect i 5 the 
precipitation of calcium in various tissues. As a result of metastaticl cal- 
cification in the kidneys, kidney insufficiency may develop. Finally, 
withdrawal of large amounts of calcium into these abnormal foci may\re- 
sult in demineralization of bone. \ 

The gross and histologic findings have been frequently reported and are 
similar in both children and adults, although fatalities seem to occur more 
frequently in the young. There is diffuse calcinosis affecting the joints, syn- 
ovial membranes, kidneys, myocardium, pulmonary alveoli, parathyroid 
glands, pancreas, skin, lymph glands, large and medium-sized arteries, the 
conjunctivae and cornea, and the acid-secreting portion of the stomach. The 
abnormal calcification can be seen grossly as a whitish, chalky material. 
The bones in the early stages may show accelerated calcification of the 
provisional zone of calcification with thickening of the periosteum. In 
more advanced cases, however, there is interference with cartilage gro^vth, 
and several authors^® have demonstrated diffuse demineralization of the 
bones. Shelling and Asher^^ pointed out that osteoporosis produced by hy- 
pervitaminosis differs from that produced by parathormone in that the 
resorbed areas are not replaced by fibrous tissue. Freeman et have re- 
ported an instance in a child in which doses of ertron resulted in a nega- 
tive calcium bala^nce. The most serious involvement is that of the kidneys, 
and most of the fatal cases terminated in uremia. The best evidence seems 
to indicate that the initial kidney damage is due to deposition of calcium in 
the basement membranes of the cells of the distal tubules.^* There results 
an inflammatory reaction, and later complete obstruction. As a result of 
obstruction, several nephrons at first dilate and then atrophy. As a 
result of the inflammatory reaction, the lesion may spread rapidly through 
the entire kidney. The kidney damage in turn is responsible for such path- 
ology as hypertension, hypertensive retinopathy, and chemical evidence of 
xenal insufficiency. 

*»I>. H. Shelling, The Parath 3 a*oid 8 in Health and Disease. C. V. Mosby Co., St. 

Louis, 19S5. 

^ D. H. Shelling, and D. Remsen, Bidl, Johns Hopkins Hosp. 57, 158 (1936). 

8. Fre^an, P. 8. Rhoads, and L. B. Yeager, J. Am. Med. Assoc. 130, 197 (1946). 

H. Freyberg and J. M. Bauer, Univ. Hosp. Bull. (Michigan) 11, 61 (1946); 
S/Danowski, A. W. Winkler, and J. P. Peters, Ann. IntertM Med. SO, 22 (1946). 
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The dosages administered before evidence of intoxication appeared varied 
tremendously. As little as 400 units daily seemed to have produced fatal 
pathology in one instance. The shortest length of time over which the vi- 
tamin had been given before demonstrable calcification was produced was 
14 days. The problem as to whether the toxic effects are due to the vitamin 
D itself or to contaminating sterols cannot be answered. However, it has 
been sho^vn that pure, crystalline vitamin D, or any factor which can cause 
an increase in the serum ionic calcium can produce toxic symptoms. Al- 
bright and Reifenstein^ ascribed all the manifestations of hypervitaminosis 
D to an exaggeration of the normal action of the vitamin: (a) to an increase 
in the absorption of calcium from the gastrointestinal tract, and (b) to an 
increase in the urinary excretion of phosphorus. 

Clinical symptoms in non-fatal cases are anorexia, nausea, vomiting, 
diarrhea, polyuria, weakness, lassitude, headache, hyperesthesia, the ap- 
pearance of areas of brown pigmentation over the skin, and evidence of renal 
insufficiency. 

There is no agreement as to the mechanism by which the abnormal calci- 
fication takes place. Some believe that the first step is the appearance of 
cellular damage followed by calcium deposition. On the basis of experimen- 
tal data with rats it is believed that abnormal deposition of calcium is the 
first step. The exact factors which are related to the precipitation of calcium 
are not known. Abnormal (calcification may occur in the presence of a normal 
total serum clacium. 

Conversely a liigh serum calcium may be present for a long time without 
the occurrence of precipitation. It has been found that in rats, following ad- 
ministration of large doses of calciferol, there was abnormal calcification 
while the total serum calcium concentration was on the decline rather than 
while the level was rising. The explanation seems to be that as the serum 
calcium declined there was a rapid release of the part of the total calcium 
held by the parathyroids and that this fraction was too great to be held in 
solution. It would appear, therefore, that a fluctuating serum calcium is 
more apt to produce abnormal calcification than a high constant level. Calci- 
fication is also aided by any factor which produces some degree of alkalosis, 
as in continued vomiting. Reed et have pointed out that patients with 
gastrointestinal complaints are more susceptible to the toxic effect of vita- 
min D. Other factors of importance are the dose of vitamin D ingested, the 
vehicle, the degree of exposure to sunlight, the amount of dietary calciiun 
ingested, the susceptibility of the individual, the pathologic state for which 

” F. Albright and E. C. Ueifenstein, Parath>Toid Gland and Metal>olic Bone Dis- 
ease, p. 95. Williams & Wilkins Co., Baltimore, 1948. 

C. I. Reed, I. E. Steck. H. C. Struck, and H. Deutsch, Ann, Internal Med, 19, 951 

(1937), 



266 


VITAMIN D GBOUP 


the vitamin is administered, the status of the endocrine system, and the 
age of the patient. 

The story of vitamin D, its identification as a separate calcifying vitamin, 
its isolation in pure form, and its application in eradicating what was a 
serious and crippling disease, represents a brilliant chapter in sterol chem- 
istry, in nutritional physiology, and in clinical medicine. However, little 
is known as to its action. In some mysterious manner it facilitates the ab- 
sorption of calcium from the intestinal tract and deposits it as a phosphate 
or carbonate in osteoid and cartilage matrix. It controls in part the cW- 
ance of inorganic phosphorus by the kidney, and still more remarkably it 
molds the deformed tissue of the ricketic animal into a normal configu 
tion and pattern characteristic of the involved tissue. Little is known con- 
cerning the mechanism of absorption of the vitamin itself, its manner of 
transport, or its storage in the tissues. Much has been revealed, much still 
remains to be discovered. Newer methods are needed for these studies. 
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I. Nomenclature and Formulas 

ROBERT S. HARRIS 

Accepted names: Essential fatty acids 
Obsolete name: Vitamin F 
Empirical formulas: Linoleic acid: C 18 H 82 O 2 
Linolenic acid: C 18 H 30 O 2 
Arachidonic acid: C20H32O2 

Chemical names: Linoleic acid: A9,12-octadecadienoic acid 

Linolenic acid: A9,12,15-octadccatrienoic acid 
Arachidonic acud: Ar),8,ll ,14-eicosatetraenoic acid 

Structural formulas: 

CH3(CH2)4CH=CIICIl2Cli=CH(CIl2)7COOH 
Linoleic acid 

CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7C00H 
Linolenic acid 

CHs(CH2)4CH==CHCH2CH==CHCH2CH=CHCH2CH==CH(CH2)sCOOII 

Arachidonic acid 


n. Chemistry 

RALPH T. HOLMAN 

Bigid exclusion of fat from an otherwise adequate-diet of a variety of 
animals results in the delayed appearance of a deficiency syndrome first 
described in 1929 by Burr and Burri** This deficiency has been shown to be 
caused by the lack of certain fatty acids which have come to be called the 
eismitial fatty acids. Incorporation of these acids in the diet either pre- 
vents or cures the dd&ciency . symptoms. Although the fat deficiency 
^lenomenon parall^ vitamin deficiency phenomena, the term vitamin 
has not been generally applied to fhe essential fatty acids, probably be- 
muse they are required in larger quantity than are most vitamins. 

V. ^atty acid deficiency and the essential fatty acids have been the subject 

0. Barr and M. M. Burr, J. Biol. Chem. 82, 345 (1929). 
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of several previous reviews to which the reader is referred.^'*"^ In the present 
treatment, the discussion of the essential fatty acids and the deficiency 
phenomenon caused by their absence from the diet of animals will be. 
general, reference being made only to selected papers from which the 
reader can obtain more detailed reference. 

The essential fatty acids are a group of naturally occurring polyunsat- 
urated fatty acids, some of whose structures are well established. They 
possess the common structure of methylene-interrupted polyunsaturation. 
The group is generally regarded as consisting of three members, linoleic 
acid (9,12-octadecadienoic acid), linolenic acid (9,12,15-octadecatrienAc 
acid), and arachidonic acid (probably 5,8,11,14-eicosatetraenoic acidy. 
However, the higher polyunsaturated acids, clupanodonic acid and docosa- 
hexaenoic acid, are closely related to the essential fatty acids and should be 
included with them in the more general sense of the classification. Molecu- 
lar models and conventional structural formulas for the first three acids 
are shown in Fig. 1. Linoleic and linolenic acids are of vegetable origin and 
are probably the dietary precursors of the animal polyunsaturated acids. 
Arachidonic acid is found only in animal lipids and is probably a functional 
essential fatty acid. As will be mentioned later, linoleic and linolenic acids 
are not entirely equivalent in action, and linoleic acid is the only vegetable 
acid which meets all the requirements of the animal for essential fatty acid. 
Thus, it is apparent that the term essential fatty acids, as ordinarily used, 
is generic, including many members not equivalent in metabolic action. 
As more information is gained regarding the roles of the various acids, best 
usage will require their individual names. 

A. ISOLATION 

Linoleic acid is a major constituent of a variety of vegetable oils. Excel- 
lent sources of the acid for preparative purposes are com oil, cottonseed oil, 
and safflower seed oil, in which little or no conjugated or more highly 
unsaturated acids are found. The problem in isolation is the separation of 
linoleic acid from saturated and unsaturated acids of various chain lengths. 
fXhe various acids present in such mixtures have such slight differences in 
l^hemical and physical properties that separation is a difficult procedure, 
and the product gained is rarely pure. 

.. ®he olamcal procedure for linoleic acid preparation is the bromination- 

b. Burr, Federation Proc, 1, 224 (1942). 

' ^ A. B. Hansen and G. O. Burr, /. Am. Med. Aeeoc. 122, 855 (1946). 

Holman, Proe. Srd. Conf. on Reeearchy Am. Meat Inet. Univ. Chicaffo p. 1 
1 4 <1951); FetU te. Seifen 58, 332 (1951). 

" 1 T. Symposium on Biol. Significance of Lipids, Bobert Gould Researoh 

^ . Foundation, 1950. 
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debromiuatioa method of Rollet.* Advantage is taken of the differences in 
petroleum ether solubility of tetrabromostearic acid formed from linoleic 
acid and the solubilities of the saturated acids and the dibromostearic acid 
formed from oleic acid. This method has been carefully worked out and 
standardized by McCutcheon.* Best practice requires constant protection 
of the unsaturated material from oxygen. Thus during saponification, de- 
bromination, washing, and transferring, the material should be kept under 
a blanket of nitrogen. The resulting methyl ester after final distillation 
through an efficient fractionation column should have an iodine number of 
172 to 173, less than 0.1 % conjugated acids, and consist of only Cm acid. 
Preparations of linoleate or more highly unsaturated acids should always 
be kept in evacuated or nitrogen-filled ampules at low temperature to 
prevent oxidation of these veiy easily oxidizable esters or acids. 

RolleP and McCutcheon* have developed similar bromination-debromi- 
nation procedures for preparation of linolenic acid from the acids of linseed 
oil. Arachidonic atjid is prepared by bromination-debromination of the 
acids from beef adrenal phospholipids* or from fresh hog liver fatty acids. 
With these preparations the danger of oxidation is even greater and 
extreme care must be taken to prevent entry of oxygen. The quality of Hie 
preparation is roughly indicated by its color — ^the lighter the color, the 
better the preparation. Spectral absorption should be low in the ultra- 
violet, and iodine number should be close to theoretical. Hydrogen number 
is a better characteristic constant for the highly unsaturated acids than is 
iodine number. 

Low-temperature crystallization methods developed by Brown and his 
coworkers'*'^* provide a means of preparing these acids without danger 
of isomerization by chemical treatment. The low-temperature crystalliza- 
tion methods yield natural isomers, but numerous recrystallizaticms are 
required to approach purity. 

Chromatographic procedures yield very pure natural products, but as yet 
the method has not been used on a large scale. Swift et al. and Biemmi- 
schneider et al. have prepared linoleate'* and linolenate '* in a high degree of 

* A. Rollet, Hoppe-Seyler’s Z. physiol. Chem. 88, 410 (1909). 

* J. W. McCutcheon Org. Syntheses 28, 75 (1942). 

* A. Rollet, Hoppe-Seyler’s Z. physiol. Chem. 88, 422 (1909). 

* J. W. McCutcheon, Org. Syntheses 88, 82 (1942). 

« W. C. Ault and J. B. Brown, J. Biol. Chem. 107, 615 (1934). 

J. B. Brown and J. Frankel, J. Am. Chem. Soe. 80, 54 (19%). 

n G. Y. Shinowara and J. B. Brown, J. Am. Chem. Soc. 80, 2734 (1938). 

“ D. T. Mowry, W, R. Brode, and J. B. Brown, J. Biol. Chem. 118, 671 (194?^, 

>* Q. £. Swift, W. G. Rose, and G. S. Jamieson, Oil dt Scop 10, 249 (1943). 

** R. W. Riemensohneider, S. F. Herb, and P. L, Nichols, J. Am. Oil Chemists’ Soe. 

88. 371 (1949). 
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purity for use as analytical standards, and White and Brown^® and Herb 
et have isolated arachidonate by chromatography for the same purpose. 
Of the methods available, chromatography yields the purest product, but 
can handle only small amounts. Bromination-debromination is most con- 
venient for preparing large quantities, but the product contains isomers of 
the desired unsaturated acid. 


B. SYNTHESIS 

Only linoleic acid of the polyunsaturated acids has yielded to a toW 
synthesis. Noller and Girvin'^ and Baudart^® have succeeded in the synthe- 
sis of an unnatural isomer of 9 , 12-octadecadienoic acid by condensation 
methods. More recently Walborsky et al}^ s^nithesized natural 
linoleic acid through acetylenic compounds: 


/ 

CsHnC=CCH,Br + BrMgCsC(CH,)7CII 


OCHs 


CuaBn 


OCHs 


/ 

C.H„C=C— CH2CfeC(CHj),CH 

\ 


OCH, 


hydro 


lysw 


ocir. 


C.HhCsC— CH j— C=C(CII s) 7COOH j 

CaHi.CsC— CHi— C sC(CH,)7CHO 

CM, cm- 9, 12-octadecadienoic acid 

This latter synthesis will be useful in the preparation of radioactively 
labeled linoleic acid for use in pertinent metabolic studies. 

C. COMMERCIAL PREPARATIONS 

llie investigator should be critical of the source of commercially available 
linoleic, linolenic, or arachidonic acids. Products available commercially 
under the name of linolc^ ^acid are far from pure and in all likelihood are 
merely com oil or cottcpiieed oil fatty acids. One such preparation labeled 
;C.P. linoleic acid analyzed in the author’s laboratory and found to 

F. White and J. B. Brown, J. Am. Chem. Soe. TO, 4269 (1948). 

«S. P.Rerb,R.W. Riemenschneider, and J. Donaldson, J. Am. Oil Chemittt' 8oc. 
; M, fiS (1951): 

W.O. E. Noller and M. D. Girvin, J. Am. Chem. Soe. », 606 (1937). 

P t. Baodart. BvM. toe. ehim. [5] U, 336 (1944). 

Jd. Walborsky, R. H. Davis, and B. Howton, J. Am. Chem. Soe. 78, 2690 (1951). 
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contain less than 50 % linoleic acid. It was packaged in an ordinary screw- 
cap bottle and thus had access to oxygen of the air. The essential fatty 
acids and their compounds are readily attacked by oxygen, and any 
preparation which is not stored in an ampule or sealed under nitrogen or 
under vacuum should not be accepted as pure. To the writer’s knowledge, 
the only source of authentic bromination-debromination linoleic and lino- 
lenic acids and their esters is the Hormel Foundation of Austin, Minnesota. 
Arachidonate concentrate containing a maximum of 70 % arachidonic acid 
was once available from the Nutritional Biochemicals Corporation. 

D. CHEMICAL PROPPmTIES 

The polyunsaturated acids belonging to the essential fatty acid group are 
similar in their properties. Chemically their reactivity is restricted to re- 
actions of double bonds and of carboxyl groups, and segregation of these 
acids on the basis of chemical reaction is difficult and only partial. For prac- 
tical purposes, there is negligible difference between the carboxyl reactivi- 
ties of the various members of the group, and all separative procedures 
based upon chemical reactivity utilize the differences in the number of 
double bonds of the various members of the group. Thus, the preparation 
of linoleate is based upon the insolubility of tetrabromostearic acid in pe- 
troleum ether, and the preparation of linolenic acid is based upon the in- 
solubility of hexabromosteari(i aiud and the solubility of tetrabromostearic 
acid in ethyl ether. The more highly unsaturated acids form polybromides 
which are all virtually insoluble in ether, and thus separation of the higher 
members of the serm is impossible by this method. For example, arachi- 
donic acid prepared by bromination-debromination always contains a con- 
siderable amount of pentaenoic acid. 

All the essential fatty acids add halogens, and this reaction is the basis 
of the commonest method for determination of total unsaturation. Various 
halogenating reagents have been employed for the addition reaction, but 
the results are expressed as grams of iodine absorbed per 100 g. of fat, and 
the value is called the iodine value. 

Thiocyanogen also adds to double bonds, but not to all double bonds, pre- 
sumably because of steric hindrance. Thus oleic acid adds one mole of 
thiocyanogen, linoleic acid adds one, and linolenic acid adds two. The thio- 
cyanogen value, combined with the iodine value, can be used to calculate 
the linoleic acid content of fats. 

The unsaturated linkages in the essential fatty acids are readily hydro- 
genated, and in hydrogenated vegetable oils the essential fatty acid content 
is reduced. Partial hydrogenation disproportionately reduces the essential 
fatty acid content of fats, for the polyunsaturated acids are pr^erentially 
hydrogenated. Although hydrogenation of essential fatty acids is the basis ! 
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of preparation of shortenings from liquid vegetable oils, the resultant prod- 
ucts contain essential fatty acids in quantities in the same order as that 
found in other edible fats.®® 

The essential fatty acids, which contain only ds double bonds, can be 
catalytically converted by selenium isomerization to trans forms. The iso- 
merization has been accomplished on both linoleic®^ and linolenic®® acids. 
The isomers thus formed have no biological value, although they are 
metabolized by the animal.®® \ 

Treatment of the essential acids with alkali at high temperatures causes 
the double bonds to shift, yielding conjugated isomers. Because such con- 
jugated polyenes possess strong ultraviolet absorption, this reaction hak 
been made the basis of a spectrophotometric method for the analysis or 
the essential acids. The conjugated acids themselves have no biological 
potency. 

The saponification and esterification reactions are the only import, ant 
carboxyl reactions of the essential fatty acids. However, the differences in 
saponification or esterification rates of the different long-chain acids are 
so small as to be of no practical importance. For discussion of these re-i 
actions, the reader is referred to Markley.®^ 

E. OXIDATION 

The polyene acids are highly susceptible to oxidative rancidity. After a 
variable induction period, the oxygen absorption increases auto(;atalyti- 
cally. The maximum rates of oxidation of the various polyunsaturated acids 
increase with each additional double bond in the molecule, so that with 
arachidonic acid autoxidation is very rapid. In Fig. 2 the rates of oxidation 
of the esters of essential fatty acids are compared with ethyl oleate. The 
rates of oxidation are roughly 1 : 40: 100:200 for oleate, linoleate, linolenate, 
and arachidonate, respectively.*® 

The autoxidation of the essential fatty acids is accompanied by radical 
changes in the ultraviolet absorption spectrum.*® Thn major changes are 
devel<q>ment of a strong absorption in the conjugated diene region (2340 A.) 
and a smaller increase around 2700, A. The former has been shown to be 
to the conjugated diene hydroperoxide which is the primary product 
ol' oxidation, and the latter is probably due to unsaturated ketonic sec- 

' J. Deuel, Jr^, S. M. Greenberg, L. Anisfeld, and D. Melnick, /. Nttiriiton 49# 

935(1951). 

^ J. P. Kasa and G. 0. Burr, J. Am, Chem, Soc. 61# 1062 (1939). 

** P... Kass, J. Nichols, and G. O. Burr, J. Am, Chem. Soc, 68# 1060(1941). 

T, Holman, Proe, Soc, Exptl, Bid, Med, 76# 100 (1961), 
i- if B. Markiey, Fatty Acids. Interscience Publishers, New York, 1947. 

/*• E. T, Holman and 0. Elmer, J, Am, Oil Chemieta* Soc, 84# 127 (1947). 

^ E. T. Holman and O.' 6. Burr, /. Am. Chem, Soc, 68# 662 (1946). 
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ondaxy products. The general mechanism of oxidation is given on the 
following page. 

For a more detailed discussion of autoxidation of the essential fatty acids, 
the reader is referred to a recent review.^^ 

Oxidative rancidity of edible oils is due largely to the oxidation of the 
essential acids contained in them. The products of oxidation of these 
acids, at least in large quantities, are probably harmful, for rancid fats are 
toxic. 



Fig. 2. Rates of oxidation of ethyl oleate (1), ethyl linoleate (2), ethyl linole- 
nate (3), and methyl arachidonate.*® (4) 

F. PHYSICAL PROPERTIES 

The essential fatty acids are colorless oils at room temperature. Their 
light jBkbsorption in the ultraviolet region is negligible but increases with 
decrease in wavelength.*® These acids do exhibit strong maxima in the 
vacuum ultraviolet, or Schumann region.®* 

The acids themselves boil under high vacuum with some decomposition, 
but their esters can conveniently be distilled at pressures of 2 to 4 mm. Hg. 
They have negligible solubility in water, but are hi^ly soluble in organic 
solvents such as ether, ethanol, acetone, and chloroform. They fonn col- 
loidal soap solutions above pH 9. By virtue of their high unsaturation, 
these compounds have high refractive indexes, and the refractive index 

S. BeristrCi^, and R. T. Holman, Advances in Emynwl 8, 425 (1948). 

*• L I. Rusolf, R. T. Holman, and G. O. Burr, Oil dt Smp 88, 290 (1945), 

*• I, I. Euaolf, J. R. Platt, H. B. Klevena, and G. O. Burr, J. Am. Chem. Soc. 87, 
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of mixed acids or oils can be used as a measure of the unsaturation. A few 
important physical and chemical properties are summarized in Table I. 


TABLE I 

Phybical and Chemical Pbopbrties op the Essential Fatty Acids 



Linolcic 

Linolenic 

Arachidonic 

Refractive index, 60® 

1.4588 

1.4678 

■ 

Specific gravity, 20°/4® C. 

0.903 

0.914 

— 

Melting point 

-6® 

-11® 

-60® 

Boiling point 

149.5/1 mm. 
182.4/4 mm. 

184/4 mm. 

160-165/1 mm. 

Molecular weight 

280.4 

278.4 

304.5 

Iodine value 

181.0 

273.5 

333.5 


in. Biochemical Systems 

RALPH T. HOLMAN 

The biological role of the essential fatty acids has not yet been elucidated} 
and only a few pieces of isolated information bear on the matter. The poly- 
unsaturated acids present in animal tissues are found in greater concentra- 
tion in the phospholipids than in the depot fats,** * and the concentration of 
these acids in the total fatty acids of the so-called vital tissues is greater 
than in the remainder of the carcass or in skeletal muscle. Changes in phos- 
pholipid unsaturated fatty acids are greater than corresponding changes in 
neutral fat fatty acids caused by fat deficiency or supplementation. It 
appears that these substances are associated with tissue structural elements 
rather than depot lipids, for alkaline hydrolysis of the tissues gives greater 
yield of these acids than does exhaustive extraction with solvents. 

A study of the effects of fat deficiency upon enzyme systems should re- 
veal some information about the metabolic role of the essential fatty acids. 
Thus fw the effects upon a few enzyme systems have been reported. Hess 
and Violler* found that lipase activity in blood of rats decreases to about 
half of normal on a fat-deficient diet, but that cholinesterase activity 
remamed unchanged. Kunkel and Williams^ found that fat deficiency caused 
an increase in liver cytochrome oxidase activity and an increase in endc^n- 
cnis respiration, whereas succinoxidaae activity remained normal. They, 

* I. Qf lUeckehofF, R. T. Holman, and G. 0. Burr, Arch, Bioekem. SO, 331 

*R. Retnr,-J. Nutrition 4S, 326 (1960). 

* W. Bess and G. Viollier, Heh. Chim. Acta 31, 381 (1948). 

*H. 0. Kimkel and J. N. Williams, J. Biol. Chem. 189, 766 (1961). 
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reported that choline oxidase activity rose slightly in the deficient state. 
With the exception of choline oxidase, all enzyme systems reverted toward 
normal activities upon the administration of linoleate to the deficient ani- 
mals. Thus it appears that essential fatty acid is involved in at least some 
enzyme systems. The lipid in concentrated cytochrome oxidase prepara- 
tions has been found to contain polyunsaturated fatty acids, and the lipo- 
protein of blood is subject to autoxidation, as are the polyunsaturated 
acids, indicating that these acids occur in important lipoprotein structures. 

The essential fatty ac;ids are themselves the substrates for a highly specific 
enzyme in the plant kingdom. The occurrence of this enzyme, lipoxldase, 
in animal tissues is not conclusively established. For more detailed informa- 
tion concerning this enzyme and its action, the reader is referred to several 
reviews.^"’ Lipoxidase attacks compounds in which there is multiple methyl- 
ene-interrupted unsaturation of all cis configuration. The commonest and 
simplest substrate is linoleate, containing the structure 

— CH 

II 

CH— CHj— CH 

II 

CH— 

This enzyme is of considerable importance in plant seeds where linoleic and 
linolenic acids are storage materials, but it is doubtful that the lipoxidase is 
of much metabolic importance in animal tissue if it exists there, for the 
potential substrate is largely bound in structural lipid. 


IV. Specificity of Action 

RALPH T. HOLMAN 

There has been ccmsiderable uncertainty over the comparative curative 
values of the ^^ous fatty acids and over their minimum daily requirements. 
Throuf^ the mass of collected information it is clear that the polyunsat- 
-wated fatty acids are divided into two classes: thorn that cure ^n symp- 
toarn and restore growth, and those that restore growth but do not cure 
iddn symptoms. 

. Itindeic and arachidonic acids both restore growth and cure skin symp- 
toms. Turpeinen* reported that arachidonic acid was three times as effective 

j*.S. BaaatrSm and R. T. Holmaa, Advance* in Emvmci. B, 425 

♦R, T. Iblnum sad S. Bwgatr&m, in The Eiuymes, Vol. 2, Part 1, Chapter fiO. 

Aaademie PreM, New York, 1961. 

. W. iTrshhe. FcOe u. Sd/cn «. 11 09^}- 

J. Nvirition U. 681 (1088). 
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as linoleic acid, using the method of minimum dose for maximum response. 
Bume ^ al? found arachidonic acid doubly as effective as linoleic acid when 
fed at low levels. Tests by Burr et aL^ indicate a slightly greater response 


TABLE II 

Biological Activity of Unsaturated Acids and Their Derivatives 


Compound 

Growth 

effect 

Skin 

effect 

Water 

intake 

References 

cis , ct8-9 , 12-Octadecadienoic acid 

+ 

+ 

Normal 

3 

trans , tran8-9 , 12-Octadecadienoic acid 

0 

0 


6, 6 

Conjugated linoleic acid 

— 

— 


6-7 

10,13-Nonadecadienoic acid 

0 

0 


8 

11,14-Eicosadienoic acid 

0 

0 


8 

9,10-Ociadecadienoic acid 

0 

0 


8 

9,11-Octadecadienoic acid 

0 

0 


8 

Oleic acid 

0 

0 


9, 10 

Elaidic acid 

0 

0 


11 

12-Octadecenoic acid 

0 

0 


1 

Linoleyl alcohol 

+ 

■f 


1 

Erucic acid 

0 

0 


1 

Ricinoleic acid 

0 

0 


1 

Linolenic acid 

+ 

0 

High 

9 

Ilexahydroxysteuric acid 

+ 

0 


12 

Elaidolinolenic acid 

+ 

0 


6, 7 

Eleostearic acid 

0 

0 


9 

Dioxidostearic 

0 

0 


12 

Trihydroxystearic 

0 

0 


12 

Tetrahydroxystearic 

0 

c 


12 

Chaulmoogric acid 

0 

0 


1, 12 

Clupanodonic acid 

Arachidonic acid 

Toxic 

+ 

■f 

Normal 

13 

1,3 

Docosahexaenoic acid 

+ 

0 


12 

Cod liver oil esters 


0 

High 



* E. M. Hume, L. C. A. Nunn, I. Smedley -Maclean, and H. H. Smith. Biochem, J, 
34 , 379, 384 (1940). 

* G. O. Burr, J. B. Brown, J, P. Kass, and W, O. Lundberg. Proc, 8oc, ExpiL Biol, 
Med, 44 , 242 (1940). 

*S. M. Greenberg, C. E, Calbert, H. J, Deuel, Jr., and J. B. Brown, J. Nutrition 
45 . 621 (1961). 

* G. O, Burr, Chemistry and Medicine, p. 101. University of Minnesota Press, 1940. 
•R. T. Holman, Proc. Soc, Exptl, Biol. Med. 76, 100 (1961). 

^ R. T. Holman, Proc. 5rd Conf. on Redearch, Am. Meat Inst, Univ. Chicago p-. 1 
(1961); Fetie u, Seifen 58, 332 (1961). 

* P. Karrer and H. Koenig, Helv, Chim. Acta 86 , 619 (1943). 

* G. O. Buit,M. M. Burr, and E. S. Miller, Chem,V(t 1 (1932), 

H. M. Evans and S. Lepkovsky, J. Biol. Chem. 96. 143 (1932). 

“ R. G, Sinelair, /. Nutrition i9. 131 (1940). 

** E, M. Hume, L. C. A. Nunn, I. Smedley-Madean, and H, H. Smith, Bioehem, J, 
88.2162(19381. 

** Ut.T^ange, Bci. Papers Inst, Phjfs^ Chem. Research (Tokyo) 80. 13 (1933). 
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from arachidonic acid than from linoleic acid. Very recent tests in which 
natural methyl arachidoiiate, prepared by physical means, was compared 
with bromination-debromination linoleic acid, seem to indicate that the 
arachidonate was six times as effective as the linoleic acid in promoting 
growth (see Greenberg ei The proper comparison between comparable 
natural linoleate and arachidonate esters has not yet been made. 

Linolenic acid and docosahexaenoic acid restore growth but cio not 
improve the animaPs skin condition, indi(‘ating that these acids are not 
able to meet all the metabolic requirements for polyunsaturated fatty acid. 
Many unsaturated fatty acids and (jompounds related to them have \ been 
tested for potency. The results of such tests are gathered in Table II. 
From the table it is apparent that only linoleic and arachidonic acids are 
fully effective in restoring fat-deficient rats to normal, and that linolenic 
and docosahexaenoic acids allow growth without meeting the requirement 
for normal skin condition. This points to the dual character of the essential 
fatty acid deficiency. 


V. Biogenesis and Metabolism 

RALPH T. HOLMAN 

The formation of linoleic and linolenic a(*ids in the plant is generally 
considered to be a conversion from carbohydrate. The mechanism has not 
been worked out beyond the observation that in a ripening seed the fat 
content increases whereas the carbohydrate decreases. The reverse is true 
during germination,^ a time when linoleic and linolenic acids are oxidized 
preferentially, lipoxidase activity is initially high, and catalase activity is 
temporarily high. 

The synthesis of the essential fatty acids in the animal b(xly appears to 
be a slow and inadequate process. Although many reports indicate that 
essential fatty acid is not synthesized by the animal, ® more recent reports 
indicate that synthesis can take^place to a limited degree.^* ® The polyun- 
saturated fatty acids are dietary essentials l)ecause the animal cannot 
synthesize them in sufficient quantity for its needs. The animal, however, 
is able to make interconversions in the polyunsaturated fatty acnds. Sraed- 

. T. Holman, Arch, Biochem, 17, 459 (1948). 

Bernhard, H. Steinhauser, and F. Bullet, Helv. Chim, Acta 25, 83 (1942). 

• R. Sehonheimer, The Dynamic State of Body Constituents, p. 18. Harvard Univer- 
sity Press, 1949. 

Modes and D. C. Keller, Arch, Biochem, 16, 19 (1947). 

♦ V, H. Barki, R. A. Collins, E. B, Hart, and C. A. Elvehjem, Proc, 8oc, Bxftl. 

Bi^L Med. 71, 594 (1949). 
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ley-Maclean* has shown by means of polybromide analysis that the poly- 
unsaturated acids decrease in rats in a deficiency state and that curing the 
deficiency with linoleate restores the polyunsaturated content of the animal. 
By means of the spectrophotometric method of analysis, this has been 
verified in greater detail, showing that, when supplements of different oUs'' 
or pure fatty acids* are made, changes take place in the polyunsaturated 
fatty acids in the animal, depending on the substance fed. From these 
studies it appears that the dominant interconversions in some tissues are 
the synthesis of arachidonate from linoleate and hexaenoate from linolenate. 
Increases of pentaenoate were observed in blood and kidney as the result 
of linolenate supplementation in fat-deficient rats.* Hearts of fat-deficient 


HEART 6 f 



N- NORMAL CONTROL 
0=FAT DEFICIENT 

0 • STEARATE (no I- ) 

1 • OLEATE (IT) 

2 . LINOLEATE (2 F ) 

3 . LINOLENATE (3 F) 

4 » ARACHIDONATE (4 F ) 

KIDNEY KIDNEY KIDNEY 

4F 5 F 6 P 


Fig. 3. Changes in the polyunsaturated fatty acids of the heart and kidney as 
the result of single fatty acid supplementation.*'** 


rats accumulate a high proportion of trienoic acid which is not normally 
present.^ The administration of arachidonate to fat-deficient rats results 
in its slow deposition.® During a period of 7 weeks daily supplementation 
with 30 mg. of methyl arachidonate, the total arachidonate content of the 
animals increased equivalent to only 10 % of that fed. The recovery in poly- 
unsaturated acid content of the animal parallels the slow recovery from the 
deficiency disease and emphasizes the low rate of turnover of these acids in 
the tissue. The typical metabolic changes in polyunsaturated acids are il- 

* I. Smedley-Maclean, The Metabolism of Fat. Methuen & Co., London, 1943. . 

’ I. G. Rieckehoff, R. T. Holman, and G. 0. Burr, Arch. Bioekem. SO, 331 (1949). 

*C. Widmer and R. T. Holman, Arch, Biochem. M, 1 (1950). 

•R. T. Holman and T. S. Taylor, Arch. Biw^. 28, 295 (1950). 

'• R. T. Holman, Proc. 3rd Con/, on Research, Am. Meat. Inst. Univ. Chicago p. 1 
(1951); FeUe u. Seifen 68. 332 (1951). 
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luBtrated in Fig. 3, for the fatty acids of heart and kidney, in whidi these 
changes are most pronounced. 

The metabolic conversions have been studied using some unnatural 
isomers of the essential fatty acids.'* The responses to the natural and 



Fig. 4. Weight response, total fatty acid synthesis, tetraenoic acid synthesis, and 
hmnenoic acid synthesis’ as the result of supplementation of fat-deficient rats with 
iamnerio essential fatty acids.'"' “ 

unnatural isomers are summarised in Fig. 4. Only the natural (^) ismners 
jHiuniote normid growth, but elaidolinolenic acid {1ran8,tram,trani-^o- 
leoie) {nrnnotes a suboptimal wcdght gain. Total fatty acid synthesis is 
by tJie natural ^ntial fatty acids and by /ra«s-linolenic acid. 
Tirtiaenoic acid deposition is stimulated only by the natural essential acids, 
and acid deposition by the natural israners plus <mn«-linolffliate. 

“ fi T< Holnum, Proe. Soc. Exptl. Biol. Mod. W, MX) (1961). 
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linolelaidate (trans, fra?t8-9,12-octadecaidienoic) is totally ineffective as an 
essential acid, and conjugated linoleic acid is deleterious. 

Similar interoonversions have been observed to take place in the chicken 
as evidenced by the analyses of eggs of a laying hen.'^ Tliere appears to be 
a difference between the hen and the rat in the conversions possible. Reiser 
reported conversion of dienoic acid to pentaenoic and tetraenoic acids and 
the conversion of trienoic acid to all acids having from two to six double 
bonds. However, a word of caution should be spoken concerning the ex- 
tensive interpretation of spectrophotometric data of the type used for 
these studies when as yet no analytical standards exist for the determinations 
of five and six double bonds. It is questionable whether calculations of 
saturated, oleic, linoleic, and linolenic acid contents are valid when the 
estimations of four, five, and six double-bonded acids are only relative and 
proper corrections for their concentrations cannot be made (see p. 287). 

Two studies have been made of the metabolic conversions of conjugated 
unsaturated fatty acids. It was observed by Miller and Burr** that the eleo- 
stearic acid (9,11, 13-octadecatrienoic acid) of tung oil was converted to 
conjugated dieneoic acid in the rat. Reiser** has confirmed this finding and 
studied the metabolism of conjugated dienoic acid in the laying hen. How- 
ever, the established conversion of conjugated trienoic acid to conjugated 
dienoic acid in the animal should not be confused with similar conversions 
in the non-conjugated essential fatty acids. Hie two groups of acids differ 
markedly in physical and chemical properties and in biological activity, 
and in their metabolism and in mechanism of in vitro oxidations they bear 
no relation one to the other. 

A. DIETARY FACTORS AFFECTING METABOLISM 

The first recognized relationship of essential fatty acids to other dietary 
essentials was that pyridoxine deficiency produces deficiency symptoms in 
rats very similar to those of fat deficiency .**’*’ A double deficiency of fat 
and pyridoxine results in rapid development of more severe symptoms, aiiid 
suiq^mentation with either linoleate or pyridoxine reduces the severity 
of the symptoms (see Fig. 5) . Medes et cU.* studied the relationship of these 
two dietary essentials^ and the results showed that relief from the double 

*• B. Reiser, J. NvtrHion 44, 159 (1951). 

** E. S. Miller and G. 0. Burr, Proe. Soc. Exptl. Biol. Med. 88, 726 (1937). 

**R. Reiser, Arch. Bioehem. and Biophye. 88, 113 (1951). 

** h. R. Richardson, A. G. Hogan, and K. F. Itschner, Vniv. Mieeouri Beeeareh Bull. 

'188. 

*• F. W. Quaokenbush, H. Steenbock, F. A. Kummerow, and B. R. Plats, /. htulri- 

Uofi 84, 225 (1942). 

R. JjArgens, H. Pfalts, and M. Reinert. Helv. Phytiol. et Pharmacol. Acta 8, 41 

( 1945 ). 
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deficiency by supplementation with either pyridoxine or linoleate caused 
an increase in body fat and an increase in polyunsaturated acids. These 
results indicated that a fat-deficient rat could S3mthesize unsaturated acids 
if given pyridoxine. 

Kummerow et made a similar study with linolenate and pyridoxine 
and observed that doubly deficient rats given linolenate showed lower gains 
and worsened symptoms than did unsupplemented controls. When pyri- 
doxine was present in the diet, more polyunsaturated acid was present in 
the tissues. 1 

Experiments in the author’s laboratory indicate that total aracbid&nate 
and hexaenoate in rats remains low when weanling animals are kept W a 
at-deficient diet or a diet deficient in fat and pyridoxine. Prelimiifary 



Fig. 5. Severe acrodynia in the rat. (Jurgens et al}’') 


experiments showed that supplementation with either pyridoxine or lino- 
leate caused increases in arachidonate and hexaenoate and that, when 
linoleate plus pyridoxine is administered to the animals, greater increases 
in arachidonate and hexaenoate are observed.^® The same was true for 
linolenate. 

A more extensive study of the pyridoxine-essential fatty acidirWationship 
has recently been completed.'® Rats which had been on deficient 

diet one month after weaning age were given supplcao^to;^ pyridoxine, 
linoleate, pyridoxine plus linoleate^ linolenate, or pyi^jC^q^ plus linolenate 
for an 8-week period. Deficiency symptoms disapp^red with linoleate 
feeding but disappeared more rapidly with linoleate plus pyridoxine. Ani- 
mals fed linolenate developed even worse symptoms, a finding parallel to 
Kununerow’s observations on wei^ts. Lindenate plus pyridoxine caused 

F. A. Kummerow, E. Otto, G. Jacobson and P. Randolph, Trans. 4th Conf, on Biol. 

AniioxidanUi New York (1949). 

P. W. Witten and R. T. Holman Arch. Biochem. and Biophys. 41, 266 (1962). 
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no change in symptoms. Total fatty acids in the rats were highest in the 
animals given linolenate plus pyridoxine, and these animals also contained 
the greatest amounts of hexaenoic acid. The animals receiving linoleate 
plus pyridoxine synthesized the largest amounts of arachidonic acid. These 
results again point to the dual nature of the polyunsaturated acids: Lino- 
ledte is converted by the animal principally to arachidonic acid and symptoms 
of deficiency disappear, whereas linolenate is converted principally to hex- 
aenoate and symptoms are not alleviated but growth and fat synthesis are 
stimulated, Pyridoxine is involved in the conversion process, possibly as a 
coenzyme in some enzyme system. 

Hove and Harris^® demonstrated a relationship between tocopherol and 
linoleate. Tocopherol increased the effectiveness of suboptimal doses of 
linoleate in preventing or curing essential fatty acid deficiency. The effect 
was not limited to antioxidant action of the tocopherol within the gastro- 
intestinal tract, for the effect was observed when the linoleate and tocoph- 
erol were fed separately on alternate days. However, tocopherol fed alone 
aggravates fat-deficiency symptoms. 

Anisfeld et al?^ were unable to show any relationship between linoleate 
and tocopherol requirements in fat-deficient rats, using growth response 
as a criterion. The metabolic relationship between tocopherol and essential 
fatty acids is not clear, but suggestions have been made that tocopherol has 
a sparing effect on the unsaturated acids by virtue of its antioxidant prop- 
erties. 

The Conferences on Biological Antioxidants^® produced much discussion 
of possible in vivo antioxidant action. Tocopherol is a well-known effective 
antioxidant in vitro, and suggestion has been made that it may act as an 
antioxidant in living organisms. Little information has been brought to 
bear on the problem. The keeping time of rat fats is extended by inclusion 
of tocopherol in the diet.®* Tocopherol has been shown to stimulate the 
utilization of linolenate and oleate synthesis in rats,^* and other antioxidants 
have been shown to have a similar action. Dam and coworkers®^ observed 
that tocopherol-deficient rats deposit an oxidized polymerized fatty ma- 
terial when fed highly uusaturated fats. This deposition of oxidized fat 
contains peroxides and is presumably the result of abnormal oxidation of 
the unsaturated acids. The effect is prevented by administration of cystine 

*®E. L. Hove and P. L. Harris. J. Nutrition 81, 699 (1946). 

** L. Anisfeld, S. M. Greenberg, and H. J. Deuel, Jr., /. Nutrition 46, 699 (1961). 

** Ist-Sth Conferences on Biol, Antioxidants Josiah Macy, Jr. Foundation, New York 
(1945-1960). 

*• W. O. Lundberg, R. H. Barnes, M. Clausen, N. Larson, and G. O. Burr, /. BieZ. 

aewn. 168, 379 (1947). 

H. idaxn and H. Granados, Acta Physiol. 8cand, 10, 162 (1946). 
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or nordihydroguaiaretic acid,^* substances that have antioxidant action. 
Conversely, feeding oxidized fat to animals has toxic effects. 

These various observations suggest a possible antioxidant action for 
tocopherol in sparing metabolic unsaturated acids. Hickman*® h^s suggested 
that perhaps a balance of pro-oxidants and antioxidants is maintained in 
tissue to insure the proper metabolism of such substances as essential fatty 
acids, that a ^‘pro-oxidant condition” would promote oxidation and that an 
^‘antioxidant condition” would protect the acids against oxidation. In rejbent 
experiments testing this hypothesis some unexpected results were! ob- 
tained.*® The conversions of linoleic and linolenic acids to more unsaturated 
acids by fat-deficient rats were used as measures of utilization of these 
substances, when they were administered either alone or in combination 
with benzoyl peroxide (pro-oxidant) or tocopherol. Best growth respoAse 
and greatest synthesis of body fat was obtained with supplements of benzoyl 
peroxide plus linoleate, and least with benzoyl peroxide alone. The toxic 
effect of benzoyl peroxide was thus reversed when fed with linoleate. The 
synthesis of arachidonate from linoleate or linolenate was unaffected by 
either benzoyl peroxide or tocopherol. Benzoyl peroxide increased the 
formation of hexaenoate from linoleate but not from linolenate. Thus dt 
will be seen that the matter of relationship between tocopherol and essential 
fatty acids is at present rather confused. 

The riboflavin requirement for normal growth of rats has been found 
to be increased when cottonseed oil is incorporated in the diet at a mod- 
erately high level.*^ Although the effect of the oil on intestinal flora may 
be a cause of the diminished growth, an alternate explanation may be that 
riboflavin is involved in the metabolism of unsaturated acids. Riboflavin 
is a constituent of the enzyme which causes the reduction of cytochrome c,** 
and cytochrome c is an essential component of the enzyme system which 
oxidizes saturated fatty acids.** Thus, an increased metabolism of fat may 
require an increased amount of riboflavin. 


VI. Estimation 

RALPH T. HOLMAN 

A. SPECTROPHOTOMETRIC ANALYSIS 

Observations by Dann and Moore^ that prolonged saponification of oils 
their ultraviolet light absorption has led to a spectrophotometric 

Granados, E. Aaes-Jorgensen, and H. Dam, Brit, /, Nutrition 8, 322 (1949). 
W. Witten and R. T. Holman, Arch. Biochem, and BiophyB. 87* 90 (1952). 
w R. Reiser and P. B. Pearson, /. Nutrition 88* 247 (1949). 

‘iNa A. L. Lehninger and E. P. Kennedy, /. Biol, Chom, 178* 753 (1948). 
i > L. Borecker, and T. R. Hogness, J, Biol. Chem. 186* 747 (1940)., 

t W. J* Dann and T. Moore, Biodmi. 87, 1166 (1933). 
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method of analysis for the essential fatty acids. Mitchell et of.* reduced the 
phenomenon to a quantitative method using 7.3 % KOH in ethylene glycol 
as reagent and a treatment of 30 minutes at 180°. This has been modified 
and improved by Brice and Swain.® They used 11% KOH in glycerol to 
reduce the variable blank absorption, and they have introduced background 
corrections in the calculations to improve the accuracy of the method. 
Protection of the sample during isomerization by an atmosphere of nitrogen 
has also been recommended. The method, even in its present highly 
developed form, is still subject to some limitations. The 11 % KOH reagent 
is optimum for linoleic and linolenic acids, but gives only a low degree of 
the specific conjugated isomers of the more highly unsaturated aci^.® 

The isomerization treatment of a hexaenoic acid results in production of 
a variety of hexaene isomers in which six, five, four, three, or two of the 
double bonds are conjugated. Thus the spectrum of such an isomerized 
sample shows principal maxima at 3750 A., 3475 A., 3000 A., 2700 A., 
and 2340 A. Treatment of a pentaenoio acid will give rise to similar maxima 
show'ing pentaene, tetraene, triene, and diene conjugation. Arachidonic 
acid will give rise to three types of conjugation, linolenic acid two, and lino- 
leic acid only one. Thus it is apparent that, if linoleic acid is to be deter- 
mined in the presence of the more highly unsaturated acids, appropriate 
correction must be made for each of the others. 

The ratios of the various kinds of conjugated isomers derived from a 
single polyunsaturated acid can be varied by alkali concentration and time 
of treatment. For example, the conjugated tetraene yield from arachidonate 
treated with 23% KOH for 8 minutes is twice that from arachidonate 
treated with 11 % KOH for 30 minutes.® Thus, use of 11 % KOH reagent 
for ‘‘determination” of linoleic and linolenic acids in animal fats can lead 
to error, because the tetraene, pentaene, and hexene acid content of the 
sample is ordinarily overlooked and no correction is made for it. The polyun- 
saturated acids of all types arc thus unknowingly reported as linoleic and 
luudenic acids. The confusion is compounded by the present lack dE em- 
pirical anal 3 rtical standards for the five and six double-bond vidues. Thus 
any analysis which pretends to give the contents of various polyunsaturated, 
oleic, and saturated acids of animal fats by use of the 11 % KOH alkaline 
isomerization method and iodine value should be regarded only as an 
approximation. 

By use of 23 % KOH reagent the sensitivity of the method for the four, 
five, and six double-bond acids is doubled. The author has used this reagent 
in estimating the relative contents of these acids in animal fatty acids. To 

*J. H. Mitchell, Jr., H. R. Kraybill, and F, P. Zscheile, Ind. Eng. Chem. Anal. 

1 (1943). 

*‘B. A. Brice and M. L. Swain, J. Opt. 8oe. Amer. 3S, 632 (1946). 

®R; T. Holman and Q. 0. Burr, Areh. 39, 474 (194S). 
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express the results in a relative manner, standard values based on certain 
assumptions® have been employed, but it should be understood that the 
results, as expressed, are tentative relative approximations. No attempt has 
been made to extend the (calculations to include linoleic and linolenic acids. 

Objection has been raised that the spectral methods are not specific for 
the essential fatty a(*ids but will detect unnatural iscjmers as well. This 
apparently is the ease, judging from the results of a study of metabolism 
of unnatural isomers of the essential fatty acids in which spectropnoto- 
metrically detectable polyunsaturates were found in animals sufferinglfrom 
fat-deficiency symptoms.® Even so, this is not a serious criticism of the 
method, for it is used largely on natural substances where unnatural isomers 
are not often encountered. \ 

The spectrophotometric method is the best current method for de^r- 
mination of linoleic and linolenic acids in natural vegetable oils. The method 
as employed by Brice and Swain,® requiring 100-mg. samples, is excrellent 
for use on vegetable oils where linolenic a(*id is the most uiisaturated acid 
present. Some micro modifications of the method hav^e been developed for 
smaller samples,^* ® but these are of more bmiied application. When pure 
hexaene and pentaene acids have been isolated and their responses measui[ed 
under various conditions, a modified method will be available for the quanti- 
tative measurement of more highly unsaturated members of the group. 
However, it seems doubtful that a spectrophotometric method of precision 
for the simultaneous detennination of all members of the polyunsaturated 
group will be forthcoming. 

B. CHEMICAL METHODS 
1. Thiocyanogen Value 

The estimation of the content of oleic, linoleic, and linolenic acads in a 
fat can be made if the thiocyanogen value, iodine value, and saturated fatty 
acid content are known. TheoreticaHy, thiocyanogen adds to the double 
bond of oleic a<;id, one of the two double bonds of linoleic acid, and two 
of the three in linolenic- acid. The halogen in the iodine value reagent adds 
to, all double bonds. Correction for the total saturated acid content of the 
fat then allows the setting up of a set of simultaneous equations for the 
calculation of the contents of the three unsaturated fatty acids. Although 

• C. Widmer, Master’s Thesis, Agricultural and Mechanical College of Texas, 1949. 

•R. T. Holman, Proc. Soc. ExjpiL Biol, Mod. 76, 100 (1961). 

’ L. C. Berk, N. Kriotchmer, R. T. Holman, and G. O. Burr. Anal. Chem. 22, 718 
(1950). 

•P, W. O’Connell and B. F. Daubcrt, Arch. Biochem. 25,. 444 (1960). 

Recently S. F. Herb and R. W. Riemenschneider have made a detailed study of 
the^effect^of^alkali on the conjugation of polyunsaturated fatty acids, and have es- 
Hfcahlished some constants for pentaene and tetraene acids. J, Am. Oil Chemists Soc. 
456 (1662). 
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the method has been made official by the American Oil Chemists’ Society,®^ 
it is not popular because the preparation of thiocyanogen reagent is tedious^ 
and the method is not applicable to oils containing acids of higher unsatura- 
tioii. The method is empirical in nature, for pure acids do not give the 
theoretical thiocyanogen uptake. The method has been largely superseded 
by spectrophotometric analysis for routine work. 

2. POLYBROMIDE METHODS 

An empirical method has been worked out for the determination of 
linoleic acid in mixed fatty acids by bromination in cold petroleum ether.® 
The weight of the insoluble tetrabromides formed from linoleic acid can 
be related to the linoleic acid content of the sample. The yield of tetra- 
bromides is affected by sample size and by the presence of other acids. 
However, if the empirical conditions are strictly followed, the analysis 
can be made quite accurate for determination of linoleic acid in samples 
containing no linolenic or more unsaturated acids. 

The hexabromide number of fatty acids can be used to determine the 
linolenic acid content, if linolenic acid is the most unsaturated acid present.^® 
The bromination is done in cold ethyl ether, and the weight of insoluble 
hexabromides precipitated is a measure of the amount of linolenic acid in 
the sample. The yield is affected by size of sample and the presence of other 
acids. Application of a similar bromination technique to methyl esters allows 
the detection and measurement of arachidonate, subject to the same errors 
mentioned above.^^ The advantage claimed for these polybromide methods 
is that only the natural isomers of polyunsaturated acids and thus only 
the physiologically active forms are measured. These methods employ a 
sample of the order of 1 g. 

C. ENZYMATIC METHOD 

Soybean lipoxidase has been shown to be specific in attacking only lino- 
leic, linolenic, and arachidonic acids.^®* The reaction can be carried out 
under conditions in which the conjugated end product is proportional to the 
amount of linoleic acid in the sample. The method is applicable to the meas- 
urement of 10 to 100 7 of linoleic acid. The method has been used to detect 
and measure linoleic acid in chromatographic eluates.^^ The presence of 
oleic and saturated acids partially inhibits the enzyme, thus limiting its 

«» Official and Tentative Methods, American Oil Chemists* Society Cd 2-38 (1946). 

•M. F. White and J. B. Brown, /. Am. Oil Chemists* 8oc. 385 (1949). 

»» M. F. White and J. B. Brown, /, Am. Oil Chemists* Soc. 86, 133 (19491. 

w M. F. White and J. B. Brown, J, Am. Oil Chemists* Soc. 26, 86 (1949). 

^ S. BergstrOm and R. T. Holman, Advances in EnzymoL 8 , 426 (1948). , , 

« R. T. Holman and S. Bergstrom, The Enzymes, Vol. 2, Part 1, Chapter 60. Aca- 

‘ demic Prm, New York, 1951. 

** R. T. Holmmi and W. T. Williams, /. Am, Chem, Sac, 78# 6285 (I951}« 
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use to samples in which linoleic acid is the major component. Empirical 
conditions might be found to extend its usefulness as a micromethod. 
Because of its specificity, the enzymatic method should be useful in meas- 
urement of total essential fatty acids on a microscale. 

D. ANIMAL ASSAY 

Recently a method has been developed for the assay of essential fatty 
acids by measurement of the growth response induced by supplementing 
fat-deficient rats with the test fat.'* Male rats maintained on a fat-dencient 
diet imtil growth ceased resumed growth when they were given supplements 
eontaining linoleate, and this growth has been shown to be proportional 



Fio. 6. Relationship between weight gain and logarithm of dose of linoleate in 
male fat-deficient rats.’* 

to the logarithm of the linoleate dose. This proportionality is shown in Fig. 
6, Hus assay has been used to measure the essential fatty acid content 
df butter and margarine.'* 

The advantage of this assay is that it measures physiological respcmse, 
non-active isomeric forms which would be measured by other analyses not 
laffeeting the assay. It suffers the disadvantages of the inaccuracy of bio- 
^lopeal assay metiiods, the large sample required, and the long time (HHi- 
. sv^oed for tile as^y. 

I'tijg. Greenberg, C..E. Calbert, E. E. Savage, and H. J. Deuel, Jr., /. NvirUion 
la. J. Deuel, Jr., S. M. Greenberg, L. Aniefeld, and D. Melniok, J. Nutria 46, 
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Thus far no microbiological assay methods have been developed for es- 
sential fatty acids, although it would seem possible to find an organism 
which requires essential fatty acids. The demonstration of essential fatty 
acid deficiency in insects points to their possible use as assay animals.^^ 


Vn. Occurrence in Foods 

RALPH T. HOLMAN 

The essential fatty acids are abundant in nature. Most common vegetable 
oils contain linoleic acid or linolenic acid, and lard and other animal 
lipids contain linoleic, arachidonic, and more highly unsaturated acids. 
Although linoleic and linolenic acids occur as major constituents in numer- 
ous vegetable oils, arachidonate is found only as a minor constituent in 


TABLE III 

Essential Fatty Acid Contents of Some Common Fats and Oils 


Fat or oil 

Linoleic acid 

Linolenic acid 

Arachidonic acid 

Corn oil 

34-42% 



Cottonseed oil 

40-48% 

— 

— 

Soybean oil 

50-60% 

2-8% 

— 

Olive oil 

0. 6-9.0% 

— 

— 

Lard 

6.0% 

— 

0.4% 

Butterfat 

1-4% 

— 

Trace 

Beef tallow 

1-3% 




common animal fats. Its concentration in certain tissue lipids, however, 
may be as high as a few per cent.^ • ^ The presence of linolenic acid in animal 
fats is probable, but unequivocal evidence for its presence is not available 
except in a few cases. Many of the reports of linoleic acid and linolenic acid 
in fats are based upon analyses not specific for linoleic acid, such as 

iodine plus thiocyanogen values, or upon spectrophotometric analyses in 
which the higher polyunsaturated acids were overlooked (see p. 287). 
However, the occasional very high values reported for linoleate and lino- 
lenate, even when such methods of analysis are used, speak loudly for the 
occurrence of these acids in animal lipids. 

As an illustration of the amounts of the essential fatty acids avaflable 
in common fats and oils, a few examples are given in Table III. Similar 

^ G. Fraenkel and M. Blewett, /. ExptL Biol 22» 172 (1246). 

» C. Widmer and R. T. Holman, Arch, Bloehem, 86» 1 (1950). 

*R. % Holman and T, S. Taylor, Arch, Biochm, 29, 296 (1950). 
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data can be found in standard references on t^e composition of fats and 
oils, and for more information 'die reader is referred to them.’'* 

The highly unsaturated fatty acids are abundant in fish oils such as cod 
and shark hirer oils, but their value as essential fatty acids is doubtful. The 
structures of some acids isolated from these sources differ from the essential 
fatty acids in that they have ethylene-interrupted rather than methylene- 
interrupted polyunsaturated systems. The literature contains a few hints 
that fish oil acids are toxic to the animal. i 

Hie widespread occurrence of linoleate in vegetable oils and arachidpnate 
in ftTiinial tissues makes the possibility of spontaneous fat deficiency unlfkdy 
n man or in animals if a natural selection of food is allowed. 


Vm. Effects of Deficiency 

A. IN ANIMALS AND INSECTS 
RALPH T. HOLMAN 

1. Rat j 

The discovery of a fat-deficiency syndrome arose through the attempts 
of Evans and Burr to produce a synthetic diet free of vitamin E.’ The syn- 
drome was first recognized and described as fat deficiency by Burr and 
Burr,* and since then the deficiency has often been called the Burr and 
Burr syndrome. Simultaneously McAmis ei al. reported a reduced growth 
on fat-free diets’ but did not recognize the essential nature of the fatty 
acids responsible. These workers were able to produce the deficiency because 
of their departure from past practice in substituting sucrose for starch 
as carbohydrate energy source. (Starch contains an appreciable amount 
unsaturated fat as a ccunponent of the granule.) Using sucrose as energy 
source and exhaustively extracted casein as protein component, they were 
aide to reduce the fat content of the ration enough to demonstrate fat de- 
ficiency. Rats maintained on fat-deficient rationa_reach an early growth 
jdateau, tiieir skin becomes scaly and their coat rough, usually witibin a 

*G. 8. Jamieson, Vegetable Fata and Oils. Reinbold Publudiing Co., New York, 
1943. 

* A. B. Bailey, Indtistrial (HI and Fat Produota. Intwadenoe Publishwa, New York, 

•.■'..'1945.. 

* Y. P. Hilditcfa, Tbe Chemical Constitution of Natural Fata, 2nd. ed. John Wiley 
: ■ khdjSona, New York, 1947. 

;a ’ S. hX. Sbrima utd Q. 0. Burr, Free. 8oe. Exptl. Biol. Med, 24, 7¥i (1927). 

.« Q. Q. Bvn and M. M. Burr, J. Biol Chem. 22. 325 (1929). 

. * A, J. BfeAmis, W. E. Anderaon, and L. B. Mendel, J.Biol Chm, 21, 247 (1929}. 
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period of 3 to 4 months. Necrosis of the tail often develops in late stages 
of the deficiency, and hematuria is sometimes observed. These outward 
manifestations of derangement are not exhibited regularly, but histological 
changes are invariably found in kidneys of fat-deficient rats. C 

Subsequent studies by Burr and his coworkers indicated that the water 
consumption^ and basal metabolic rate® of the fat-deficient rat are hi^er 
than those of the normal animal. The ability of animals to reproduce is 
impaired by fat deprivation.^ In the female rat, conception is followed by 
resorpttcm of all or some of the fetuses,^ • * • ^ the gestation period is pro^ 



Fig. 7. Schachtelhalmschwanz—exaggerated caudal symptoms of fat deficiency 
in the young rat, (From Guggenheim and Jurgens.*) 

longed, and only a variable and low number of live young are produced. 
These, however, do not live long after birth, and even at the age of a few 
days show damage of the tail (Fig. 7). The male rat on a fat-free diet 
becomes sterile and will not mate.** * The ability to reproduce returns whe^ 
the animals are given diets containing adequate essential fatty acid. 

When weanling rats are placed upon a fat-free diet, fat-deficiency syiin^ 
toms begin to appear within 3 months, and the animals can be maintained 
in the £at-<Mcient condition well over a year with moderate mortaJitys * 

^ a. 0. Burr and M. M. Burr, J, Biol Chem. 86, 587 (1930). : ' 

*Q. 0. Burr and A. J. Beber, Proc. 8oe, Exptl Biol Med. 81, 911 (1^). 

•E. 0, Maeder, Anal, Record 70, 73 (1937). .k ' 

’ H. Bvans, S. Lepkovsky, and B. A. Murphy, J. Biol €hem. 106, 431 (1034), 

• H; Jl, Eya^, S. Leplmvsl^, and E. A. Murphy, /. Biol Chm. 106, 446 . 
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If &e dams are maintained on a fat-free diet from the time of conception, 
the young which are born show symptoms within a few days and do not 
live beyond a month.® The accentuated caudal degeneration observed 



Fid. 8 (a) Dog maintained on low fat diet. Age 9 months. 


conditions (Schachtelhalmschwanz) appears within a few days 
and may lead to the complete ne<^osis of the tail (see Fig. 7). 

Older nnimals placed on fat-free diet do not spontaneously develop 
fat-deficiency symptoms. Only by superimposing a strain can adult 
l ybiiwaia be biought to show fat-deficiency symptoms. Barki cf severdy 

- , *M. Guggenheim and R. JQrgens, Helv. Phytiol. et Phatrmaeol. Aela 3t, 417 (1944)< 
u V. H. Barki, H. Nath, E. B. Hart, and C. A. Elvehjem, Proe. Boe, ExjM. Biot. 
Jfei. f*. 474 (1947). ' 





VIII. EFFECTS OF DEFICIENCY 


depleted adult rats by restricting food intake until the animals were hatf 
their starting weight. When the animals were then fed fat-free diet ad 
libitum, classical symptoms of fat deficiency appeared. These symptoms 
could be prevented or ciued by ethyl linoleate. The symptoms disappeared 



Fi«. 8. (b) Dog maintained on low fat diet for 7 months, then given diet contain- 
ing 6% of total calories as fat for 3 months. At 7 months this animal showed sim- 
ilar symptoms to those illustrated in (a). (From Hansen and Wiese.“) 


spontaneously after prolonged periods of ad libitum feeding of fat-free diet, 
indicating the possibility of synthesis of some essential fatty acid. 

2. Dog 

The fat-deficiency syndrome has been observed in a variety of animals. 
Hansen and Wiese*''“ have made extensive studies in fat deficiency of d<«8. 

" A. E. Hansen and H. F. Wiese, Texas Repts. Biol. Med. 9, 491 (1951). 

'• H. P. Wiese and A. E. Hansen, Texas Repts. Biol. Med. 9, 516 (1951). 

*• H. P. Wiese and A. E. Hansen, Texas Repts. Biol. Med. 9, 545 (1951). ^ 

« A. E. Hansen, S. G. Hrfmes, and H. F. Wiese, Texas Repts. Biol. Med. 9, 6K (1951).. 
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IToung puppies develop dermal S3rmptoms alter 4 to 5 months on a low fat 
diet. Hie flaky desquamation of the skin and loss of hair is usually follow^ 
by secondary infections. Alopecia and emaciation accompanied by a greasy 
sidn condition develop at later stages of deficiency. Dogs first develop an 
excitable temperament and later become tremulous. This syndrome in dogs 
can be prevented or cured by inclusion of unsaturated fats such as lard, 
bacon fat, butterfat, or Ciisco at a level of 16 % of the calories. One per cent 
of calories as linoleate or arachidonate caused deflnite improvement, but 
.did not provide a complete cure within 6 months. Dogs have been niiin- 
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Fio. 9. I*our-we*k-old chickB on fat-free and 2% cottonseed oil diets. (From 
Briser.i*) 

taii^ oh fat-deficient diet for as long as 6 years. Figures 8a and 8b show 
a fat-defi.cient dog compared with his normal control. 

~ 3. Chicken ~ 

^ &rly experiments by Russeli and his coworkers,‘* in which natural diets 
were sdvent-extracted to reduce tEe fat content, indicated that fat was not 
QOeded in quantity for the growth of the chicken. Hie more recent work 
'itire9er,,in which synthetic fat-free diets were used, indicates that total. 

of fat IrtHu the diet'of chicks causes slow weight gain and hi|^. 
CSiicks which received sujqilements lard or cottiHiseed oil 

^ C. Roasril, M. W. Taylor, and L,J. Polstdn, /. Nutrition 19, 565 (1940). 

‘♦iSi^Edser, /. ilTtifriffiw la, 3^^ 
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grew as rapidly chicks on a madi diet and showed a much lower mort^ty* 
In chicks, fat deficiency is sometimes associated with subcutaneous edem^ 
and in a few cases general edema in the body cavity was observed. The 
deficient birds were unthrifty and had poor feathering (Fig. 9). Removal of 
yolk sacs from the -newly hatched chicks did not seem to affect the develop* 
ment of the deficiency. 


4. Mouse 

Mice kept on a fat-deficient diet develop the same general symptoms as do 
rats.^^ The first symptom to appear is a dandruff -like dermatitis on the scruff 
of the neck, which spreads over the animal. The dehnatitis is followed by 
necrosis of the extremities, and hematuria is observed in a few cases. 
Decker et have shown that adult mice can be brought to a state of 
chronic essential fatty acid deficiency without showing any external symp- 
toms, and that in these animals acute symptoms may be brought out by 
stresses such as injuries, pregnancy, and x-irradiation. Although most 
studies in the field of essential fatty acid nutrition and metabolism have 
been carried out upon rats, it would seem that the mouse could effectively 
replace the rat as an experimental animal because mice develop deficiency 
symptoms more quickly, consume less food, and require less space. 

5. Large Animals 

No conclusive work has been done on the essential fatty acid require- 
ment of large animals because of the tremendous cost of such experimenta- 
tion. Cows require a minimum of 4 % extractable fat in the diet for milk 
production,*®' and calves on a low fat diet do not thrive.®* However, no 
evidence has been brought out to relate these observations to essential 
fatty acid requirements. Hogs on a low fat fliet have a drastically reduced 
linoleic acid content, but no deficiency symptoms have been observed.®®**® 

All the vertebrates in which fat-deficiency symptoms have been produced 
experimentally have straight alimentary canals. In the author’s laboratory, 
attempts to develop fat deficiency in guinea pigs failed, although many 
animals were maintained on a fat-free diet for periods of time longer than 

E. A. White, J. R. Foy, and L, R. Cerecedo, Proc, Soc, ExptL Biol, Med, M, 301 

(1043). 

« A. B. Decker, D. L. Fillerup, and J. F. Mead, J, NutHtion 507 (1950). 

Gibson and C. F. Huffman, Michigan Agr, Expt, Sta, Quart, Bull. 844, (1939). 
*®L. A. Maynard, K. E. Gardner, and A. Z. Hodson, Cornell Univ. Agr. Expt, '8ia, 

Bull, 782 (1939). 

^ T. W. Gulliekson, F. C. Fountains, and J. B. Fitch, J. Dairy Bci, 85, 117 (1942). 
“ N. R. Ellis and O. G. Hankins, J, Biol, Chem, 66, 101 (1925). 

N. R, Sniis and H. S. Isbell, J. Biol. Chem. 68, 219 (1926). 

** N. B, Ellis and H. S. Isbell, J. Biol. Chem. 68, 239 (1926). 

*1 N.R. Ellis and J. H. Zeller, /. Biol. Chem, 68, 186 (1930). 
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are required to develop fat deficiency in rats. It seems possible that for 
animals having a cecum, intestinal bacteria may play a role in the syn- 
thesis of essential fatty acids as well as of many of the water-soluble 
vitamins. 

6. Insects 

Fat-deficiency phenomena are not limited to vertebrates, for Fraenkel 
and Blewett*® were able to develop fat-deficient moths of four species. 
Feeding fat-free diets during the larval stage prevents proper wing develop- 
ment in the adult (see Fig. 10). Linoleic and linolenic acids prevent [this 
condition, but docosahexaenoic acid does not. However, the latter floes 
benefit growth. Results with these lower animals again point to the differ- 
ences between the members of the polyunsaturated fatty acid group, Enijer- 
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Fig. 10. Response of Ephestia keuhniella wing development to various levels of 
linoleic acid in the larval diet. 1. Normal wing, 8. Fat-free diet. (From Fraenkel 
and Blewett.*®) 


gence from the pupal stage and scale development of the adult wing paral- 
Ids the linoleic acid content of the diet. It appears that these moths or 
other insects might be useful and inexpensive animals for essential fatty acid 
assay. 

As yet studies of the requirements of microorganisms for essential fatty 
acids have not been made, nor have mutants requiring these acids been 
isolated. It seems likely, however, that mutants requiring the acids could 
be produced and isolated for use in the assay of these essential fatty acids. 

7. Histopathology 

In addition to the gross abnormalities of fat-deficient animals mentioned 
in the previous section, a few observations have been made on the histo- 
{i^thology accompanying fat deficiency. Histological examinations of the 
Iddneys of deficient rats^^* ^ indicate that the renal tubules are calcified 

i Fraenkel and M» Blewett, /. Exptl. Biol, 212» 172 (1946). 

^ V. G. Borland and C. M. Jackson, Arch, Pathol, 11 f 687 (1931). 

H. Follis, The Pathology of Nutritional Disease. Charles C Thomas, 8pring- 
t Md, m., 1948. 
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and necrotic areas of the renal medulla appear in some cases. The cells 
the tubular epithelium are filled with lipoid and the tubular lumena contain 
fat droplets and albuminous material. In cured animals the gross appearance 
of the kidneys was normal and histologically no difference could be demon- 
strated between cured and normal animals. The implication that choline 
deficiency may have been a contributing factor** to the histopathology thus 
does not seem to be justified. 

Histological studies of the reproductive system of the female rat* indicate 
underdevelopment of the uterine mucosa and failure of corpora lutea to 
develop during pregnancy. Embryos are resorbed or remain in utero beyond 
the normal gestation period. 





. r. >■ 



Fig. 11. Liver sections from fat-deficient and linoleate-fed young rats. Sudan 
stun. Dark areas indicate fat deposition. (From Guggenheim and Jfirgens.*) 


In the male fat-deficient rat the testis is macroscopically atrophied.* 
The tubular epithelium degenerates, sperm are absent, and giant cells 
are present. Seminal vesicles are small and flaccid, and the prostate is 
atiopic. The epididymis shows no significant deviation from the normal, but 
the penis and associated glands are atrophied. If male rats in this condition 
are given gonadotropin, the accessory sex organs tend to revert to normal, 
indipahing that the fat-deficient animal can probably still synthe^ testos- 
t«one.*» However, toe testes remain degenerate, indicating that they have 
lost toe abiUty to respond to gonadotropin. Essential fatty acids are Urns 
required to maintain testicular structure and function. 

Histological examination of toe livers of young fat-deficient rats showed 

*• P. B. Barrios, Master’s Thesis, Agricultural and Mechanical CloUege of ^xaa, 

im 
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a fatty infiltration of the liver (Fig. 11) which is prevented by fat in the 
diet.* In this respect, essential fatty acids are lipotropic. 

llie best histol(^cal studies on the skin lesions of fat deficiency have 
been made on the dog.** The abnormalities include loss of hair and des- 
quamation, and compactness of the stratum comeum. The epidermis 
iMckens and there is edema in the dermis. Hair follicles become hyperkera- 
tinized, the hair shafts become plugged, and the sebaceous glands enlarge. 
Illustrations of the epidermis of dogs on low fat and normal diets are shown 
in Fig. 12. I 

The pathological conditions recognized as essential fatty acid deficiency 
are generally produced by maintaining animals on a low-fat or fat-free uiet. 
Such diets are used because it is difficult to prepare a diet free of essential 





Fig. 12. Epidermis of dogs (a) on control diet and (b) on low-fat diet. 120X. (From 
Hansen e( alM) 

fatty acids without removing all fat. These diets supplemented with 
ess^tial fatty acids in adequate tunounts still do not allow optimum growth, 
reproduction, and lactation, but the pathological states developed on such 
a dietary regime are still poorly characterized. The studies of patholi^ of 
fat-d^cmt animala have not differentiated between the two types of fat 
d^iency, but the pathological changes described are prevented or cured by 
linoleate, thus making it reascmably certain that the conditions described 
axe due to essential fatty acid deficiency. 

B. IN HUMAN BEINGS 
ARILD E. HANSEN and HILDA F. WIESE 

\ S^ific informatkm regarding tiie essentiality of linoleic acid and arachi- 
'dcnm add in rdation to human nutritiim is conpletely lacking. Hence^ in 
(lismtssum ci tile human requirement for these fatty adds, it is neceMary 
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to interpret some of the observations and experimental findings which have 
been made with human subjects on various fat regimens in the light ctf 
fundamental facts established from experimental work with animals. 
sideration will be given to observations from studies on the use of low fat 
diets in human subjects and to indirect evidences of possible special need 
for fat as gained from other clinical studies. Inasmuch as correlations have, 
been found between dietary fat and the composition of the tissue lipids 
as well as the gross and histologic alterations in dogs maintained on diets 
with and without fat,*®*®* these data will serve as a chief source of material 
for evaluating fat requirements for man. Reference also will be made to 
the measurement of diene, triene, and tetraene fatty acids in blood serum 
as a possible means for ascertaining the human requirement for these 
fatty acids. 


1. Low Fat Diets in Human Beings 

Reports concerning the effect of comparatively low fat diets in human 
subjects are meager and of a rather general nature. An attempt was made as 
early as 1919 by von Groer®^ to determine the need of infants for dietary 
fat. Detailed observations were made on two infants by this worker, and 
although gain in weight was not entirely satisfactory, no striking abnormali* . 
ties developed within a period of 9 months. The low fat diet was discontin- 
ued in one infant because of anorexia and in the second infant because of 
infection. Holt and coworkers®® used a low fat diet in the study of three 
infants. Although these studies were of short duration, one of the infants ^ 
repeatedly developed a skin eruption when fat was lacking in the diet. , 

In 1937, von Chwalibogowski®® observed two infants on a low fat regimen 
for periods of 13 to 15 months. No typical findings were evident, and 1 
led the author to conclude that fat in ^e diet was not essential for infants. 
Four human subjects have been studied in our clinic and laboratories fw 
periods of 2 to 23 months. The first was one of twins who, when on a low fat 
diet, was found to have a definitely lower iodine number of the serum fatty 
acids than the twin infant who was maintained on a normal diet. Anotheit > 
infant on the low fat diet developed a rather intractable impetigo but , ^ 
showed no other clinical abnormalities. The third case concerned a rather 
extensive study which was made on a child with chylous ascites. Begmnmg, , 

A. E. Hansen and H. F. Wiese, Texas Repts. Biol, Med, 9, 491 (1951). 

H. F. Wiese and A. E. Hansen, Texas Repts, Biol, Med. 9, 516 (1961). ; ' 

** H. F. Wiese and A. E. Hansen, Texas Repts, Biol, Med. 9, 545 (1961). 

®® A* E« Hazmen, 8. G. Holmes, and H. F. Wiese, Texas Repts, Biol. Med, 9» 555 (1951). ' 

** P* von Gi<ier, Z, 97, 311 (1919). . . > 

®* L. E. Holt, Jr. H. C. Tidwell, C. M. Kirk, D. M. Cross, and S. Neale, J , Pedua. 

6, 427 (1935). 

®* A, Von OjjiwaUbogowski, Acta paediat, 99, 110 (1938). 
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spread on crackers or bread or mixed with cinnamon, jelly, or jam. When 
favorable results occurred, usually the first evidence of improvement was 
observed 2 to 4 weeks after the addition of fat to the diet. From the clinical 
viewpoint it was felt that if improvement was to occur it would be evident 
within 2 or 3 months. It must be emphasized that, although the attempt 
was made to change only one factor, it was necessary to continue the same 
local medication and dietary regimen as used previously and to prevent 
injury from scratching. One continued to be on , the alert for possible 
allergens as playing a role. In order to control the clinical observation^ as 
closely as possible, graphic records were used, as illustrated in a previous 
report.^® 
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31 
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Fig. 13. Summary of results of Grupper and Azerad in a study of 100 patients with 
eczema. (A. Burgos.^*) 


Azerad and Grupper^ of Paris summarized their experience with the ad- 
dition of fat to tfie diet of 100 patients, as indicat^ in Fig. 13. These 
lesults have been confirmed in a second series of 100 patients (personal 
i^versation, 1950), One of the most striking clinical results obtained by 
Azmad and Grupper is illustrated in Fig. 14 through the courtesy of these 
workers. Ilie clinical results, in general, are similar toj^hose reported earlier 
by Hapsen et It must be pointed out that not all workers^®*®^ report 
ithe addition <A fat to the diet to be so helpful in altering the course of 


, A* Burgos, Contribution au traitment de reozema par les acides gras non saturds. 

' XL ^Fculou Paris 1949* 

Taub and S. J* Zakon, /. Am. Med. Aaaoe. 1G6, 1676 (1986). 

^ fl. Ginsberg, 0. Bernstein, and L. V- lob, ArcA. JOemofof. and SyphiloL 8S« 1083 


I , 




‘ N. E^tein and D. Glick, Arch. Dermatol, and Sffphilol 86, 427 (1937). 


VIII. srFBCTs or dbhciency 

mixtures Admitf^Hi^ ^ maintained on breast milk than on cow's milk 
however, K mey be^iSS 

g».ter In brei » ““k. 



(A included in the study of Grupper and Aserad. 


b. Fat Intake Because of Necessity or Because of Derongemeta in Fat 
AbsorptUm 

R M I^ognized that a prolonged low fat diet leads to a craving for fat. 
Inis IS due probably to the satiety value of fat per se rather Iban to a need 
tor qiecific acids. It has been observed, however, that when people axe 
^nved rf fat for long periods of time, an increase in the incidence of nM" 
Abnormalities seems to appear. Freudenberg of Basel, Switzerland, in a 
P^rscmal conversation, stated that he had observed this phsuintnat^f ^ ^ 
Untral Europe in both World Wars I and II. It may weU be that sonie cd'. 

" P- G. Qmlee and H. N. Sanford, /. P«d»o<. $, 223 (1936). 

■ 14 rp' D " J. Diseases Children 68, 1002 (1940). 

T.|».3BBl«tehandM.L.Meara,BwcAem. J.88,29 (1944); 88, 437 (1044). 
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this reflects a need for certain fatty acids. Luzzatti and Hansen, in study- 
ing the serum lipids of patients suffering from the celiac s3rndrome, found 
the iodine number of the serum fatty acids to be abnormally low. This 
finding is in keeping with a relatively low intake of unsaturated fatty acids. 
In addition, in reviewing the literature Luzzatti and Hansen found that a 
number of authors®®*®® reported a high incidence of abnormalities of the 
skin in patients with poor fat absorption. This t5rpe of disorder is almost 
always associated with malnutrition and recurrent respiratory infections, 
two symptoms which were consistently observed in fat-deficient digs.®® 
To accentuate the situation, patients with inability to absorb fat adequately 
usually are placed on a low fat diet, by their own choice or upon the reopm- 
mendation of the physician. If there is a need for specific unsaturated fatty 
acids one might expect latent abnormalities to become manifest. \ 

c. Summary 

Study of the serum lipids in patients with eczema suggest that abnormally 
low iodine values are common. The feeding of dietary fats rich in the un- 
saturated fatty acids to patients suffering from eczema frequently appears 
to improve the condition of the skin. Prolonged maintenance on a diet low 
in fat because of faulty absorption regularly results in a low iodine value 
of the serum fatty acids. Children suffering from faulty fat absorption quite 
commonly develop chronic dermatitis, frequently suffer from respiratory 
tract infections, and often become severely malnourished. The role of specific 
fats in producing such conditions has not been ascertained. 

3. Data from Animal Studies with Possible Applications 

The work of Burr and Burr®®* ®® regarding the essential nature of linoleic 
and arachidonic acid for the rat is the basis of nutritional interest in these 
fatty acids. Observations from studies with the rat as the experimental 
animal which possibly may be applicable to the human subject are the 
effect of fat deficiency on the condition of the skin and the loss in weight 
of the animals. In an attempt to establish a means for ascertaining the 
human need for special fatty acids, Hansen and Wiese®^ undertook detailed 
studies with the dog in regard to the interrelationships of dietary fat, com- 
position of serum, and tissue lipids, and the gross and microscopic altera- 
tions of the tissues. Reference to some of their findings are presented. 

HXj. Luzzatti and A. E. Hansen, J, Pediat, 94 , 417 (1944). 

. T. I. Bennett, D. Hunter, and J. M. Vaughan, Quart, J. Med, [N.8.] 1, 003 (1932). 

Konstam and H. Gordon, Proc, Roy, 8oc, Med, 99, 629 (1936). 

«•)[. D. Eiley and M. B. Leeds, Lancet 262 (1939). 

» Q. O. Burr and M. M. Burr, J. Biol, Chem, 99, 345 (1929); 86, 587 (1930). 

■ a O. Burr, M. M. Burr, and E. S. Miller, /. Biol Chem, 97, 1 (1932). 

' ^ A. B. Hansen and H. F. Wiese, Proc. 8oc, EzpU, Biol, Med, 89, 205 (1943). 
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a. Gross Changes 

Maintenance of young dogs on diets practically devoid of fat (less tlmn 
1 % of the total calories consumed) resulted in marked changes in the ap- 
pearance of the animals.*** The distinctive abnormalities were dryness of 
the skin and hair with desquamation, increased susceptibility to infection 
and later tremulousness, drainage from the auditory canals, swelling and 
redness of the paws, and emaciation. Animals placed on a low fat diet at 
weaning began to show skin changes within a period of about 3 months. 
Improvement varied both with the amount and type of fat fed. When fat 
was fed to equal 6 % of the total calories, there was little improvement in 
the appearance of the skin; at the 10% level some improvement resulted; 
but even at a 15% level healing was rather prolonged. Lard or bacon 
drippings as the source of dietary fat were more effective in br inging about 
restitution of the abnormalities than butter fat, both in relation to tima 
and degree. When the deficient animals were given fat at the 30 % caloric 
level, improvement was rapid (few weeks) and definite, being more rapid 
with lard and bacon drippings than with butter fat. One animal was on the 
low fat diet for as long as 6 years, and it is rather remarkable that, although 
the skin and hair abnormality had been present for this length of time, 
when sufficient fat again was added to the diet the skin and hair resumed a 
healthy appearance. In only a few instances in the studies with dogs was it 
possible to use linoleic or arachidonic acid as the source of fat. When fed at 
a 1 % caloric level, however, there was definite improvement in the skin 
and renewed growth of hair. Nevertheless, it was found that this level was 
not sufficient to effect complete and permanent cures within a 6-month 
period. In control animals given the same diet from the time of weanmg 
except for the isocaloric substitution of sucrose with lard, bacon drippings, 
or butter fat in amounts equal to approximately 30 % of the total calories, 
no abnormalities developed. Illustrations of the gross appearance of dogs 
suffering fat deficiency are presented in the discussion by Holman in 
another portion of this volume. 

h. Tissue Lipids 

Rather extenrive studies** of the tissue lipids have demonstrated that 
the degree of iinMi.t iirfl.tinn of the fatty acids of the blood serum, skin, sub- 
cutaneous fat, liver, kidney, and heart is definitely decreased in the animals 
on Ibe low fat regimen. In general, the differences in the iodine number of 
the fatty acids between healthy control animals and fat-deficient animals 
are much greater in the serum than in the skin or other tissues. The iodiflfi 
number of the serum fatty acids which are particularly involved have beer(^ 
ibose present as cholesterol ester. Direct correlations have been dibseiyeii'' 
bettre6n..the appearance of the skin and hair of the animals and the iodine'; 
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numbw of tiie serum fatty acids as well as the kind and amount of dietaiy 
fat. 

c. Spectral Arwlym for UneatunOed Faity Adda 

The total fatty acids of the serum, skin, liver, and heart consistently 
showed high percentages of diene fatty acid*^ when adequate levels of fat 





Fio. 16 (o) 


oomtaming lindeic acid were fed, and all animalB~receiving these diets 
pmsented a normal appearance of the skin and hmr. The total fatty acids 
cf asrom showed more tetraene^atty acid when diets containing linoldc 


^.airadbMmuc acids were fed than wh^ the diet was extremdy low in fat. 
Dic^ niluntained on a low fat diet and exhibiting fat-deficiency symptmns 
lijcwed definitely lesser amounts of diene and tetraene adds in the liver, 
skih^ and heart than animals witii healthy skin. At 2350 A , S j ^ 
of the senun ranged frcnn 125 to 150, and at 3000 A. from 11 to 20, 
the serim frim healthy dogs receiving 15 % or nunre of theh catdnc 

fet Oard or bacon AiiqihigB) vmmd horn 250 to 315 ihir the 
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to Sert !J*c!^pi^y receiv^ amounts of m 

values were intermediate between the norm i’ a tetrad 








Pio. 16 (5) 

Fio. 16. Photomicrograph (magnification 1426X) section through the skin of a dog 
(a) on a low fat diet and (b) after 6 months on a diet with 29% calories as freshlard 
subitituted isocalorically for sucrose. (From Hansen and Wiese.”) 


gross ehang^ in the animals seem to be very significant and hjave bem 
valuable in interpretii^ the results of spectral analysis of serum fatty n/^i da 
m human subjects. 

Hiatoiogie Feahtrea 

definite alterations occur in the histologic structures of the nkiti of^dq^ . 
been deprived of dietary fat.** Qiai^es are discemibie in 1^ 
etea^^,e<»imtua, epidermis, and dermis (aee F%9. 15a and 15b; see also- 

^1.''' ;K.. ' ' ' ' 
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Figs. 12a and 12b, p. 300). Control animals having fat in the diet and grossly 
exhibiting healthy skin and hair present an epidermis 2 to 3 cell layers in 
thickness, a stratum corneum which is thin, wavy, and lacelike, the cell 
outlines and nuclei being well delineated, a dermis with well-defined col- 
lagen fibers, normal hair follicles, thin endothelial cells with large lumina 
to the small vessels, and slight cellular infiltration. In the fat-deficient dog 
presenting distinct abnormalities of the skin with marked desquamation 
and loss of hair, the stratum (jorneum is smudgy and indistinct and often 
there is parakeratosis, the epidermis is greatly thickened with palisade 
formation at the basilar layer with intracellular bridges evident, and the 
dermis shows evidence of irregular collagen bundles, extensive edema, pres- 
ence of cellular material, swollen endothelial cells with small lumina o^ the 
vessels, increase in the cells of the hair follicles, plugging of the hair shafts, 
degeneration of the hair, and enlarged sebaceous glands. Later the seba- 
ceous glands become shrunken. When fat is added to the diet there is good 
correlation between the amount and kind of dietary fat and a reversal in 
the microscopic appearance of the skin. Changes similar to these have been 
found in many human subjects, but heretofore no attempt has been made to 
relate such changes to the dietary history. 

e. Summary 

On the basis of data obtained from studies with laboratory animals in- 
cluding the dietary history, serum lipid values, especially for the diene and 
tetraene fatty acids, and gross and histologic observations regarding the 
skin have given leads for study of the human requirements for essential 
fatty acids. 

4. Spectroscopic Study of Serum Lipids in Human Subjects 

In so far as is known, no sustained effort has been made to determine for 
human subjects the highly unsaturated fatty acid levels of serum. Wiese,*- 
in work done at our laboratories under a contract sponsored by the Bureau 
of Human Nutrition and Home Economics, U. S. Department of Agricul- 
ture, adapted the spectrographic technique to a semimicro basis which 
makes it possible to study the values for diene, triene, and tetraene fatty 
acids on samples of serum on a clinical basis. Under the same contract, and 
with this method of analysis, the serum levels of these fatty acids were de- 
termined for 75 human subjects.** The individuals studied were either 
healthy adult subjects or hospitalized children who were considered to be in 
a jpod nutritional state clinically, or children markedly underweight and 
'Sparing malnourished. The values at 2360 A. (diene fatty acids) 

^ B. F. Wiese and A. £. Hansen, Biol Chem, 208, 417 (1063). 

.fivA. Hansen and H. F. Wiese, Federation Froc. 11, 446 (1062). 
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were Iwtween 250 and 325 in thirty-three subjects, and both children and 
adults in this group were considered to l)e in a good state of nutrition. The 
EWi. values at 3000 A. (tetraenc fatty acids) ranged from 30 to 76. In con- 
trast, in a group of eighteen infants and children who were markedly under- 
weight and malnourished in appearance, the Ei\a. values at 2350 A. varied 
from 90 to 170 and at 3000 A. from 15 to 42. These subjects were suffering 
from cystic fibrosis of the pancreas or celiac disease, or had been on notor- 
iously inadequate diets. In the remaining one-third of the subjects studied, 
intermediate values both for serum diene and tetraene fatty acids were ob- 
served. In general, the clinical appearance suggested quite a good state of 
nutrition in all these children. The disorders among these included celiac 
disease, eczema, cystic fibrosis of the pancreas, healed osteomyelitis, tuber- 
culosis meningitis, laryngeal obstruction, mental retardation, lymphatic 
leukemia, and rheumatic heart disease. The relative proportion of triene 
fatty acids was extremely low in all three groups of subjects studied. 

a. Summary 

Spectrographic analysis of the serum fatty acids of human subjects indi- 
cates that the content of diene and tetraene fatty acids varies with the 
nutritional status of the individual. The proportion of two, three, and four 
double-bond fatty acids of the total fatty acids in a group of thirty-three 
well-nourished adults and children averaged 27.8, 1.3, and 12.7%, respec- 
tively. In a group of eighteen subjects in poor nutritional state, these values, 
were 10.5, 2.5, and 7.5%, respectively. 

5. SUMMABY OF EFFECTS OF DEFICIENCY 

Human beings appear not to synthesize fatty acids with two and four 
double bonds (linoleic and arachidonic acid) sufficient to maintain high 
blood serum levels. There is a possibility that poor nutritional status and 
susceptibility to dei-matitis, skin infections, and respiratory Sections may 
be related to an inadequacy of dietary fat containing e^ntial fatty acids. 
No data whatsoever are available to indicate the magnitude of the human 
requirement for linoleic and arachidonic acids. 


IX. Phannacology 

ARILD E. HANSEN and GEORGE A. EMERSON 


A. CHEMICAL ASPECTS 

Progress in basic chemical knowledge has aid^ in clearer inb^reto^ 
of bil«ical phenomena in relation to essential fatty acids. The Unol^ 
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acid of beef tallow has been identified as ct8,ci8-9,12-lindeic acid, and liie 
linolenic acid from flie same source as ci8,cf8,ci8-9,12,15-linolenic acid, 
which implies that these should function as essential fatty acids.* Canadian 
lard* has been foimd to contain, on the average, 8.7 % of linoleic, 0.6 % of 
linolenic, and 0.4 % of arachidonic acid. Arachidonic acid has been identi* 
fied’> * in pig back fat. The liquid fatty acids of shark liver oil,* which are 
60 % of the total, contain 15 % linoleic and 2.6 % linolenic acid. It is realized* 
that the fatty acid composition of oils such as lins^d oil cannot be pre^cted 
from the iodine value alone. Cardiolipin has been recognized* as a cojnplex 
phosphatidic acid containing a large amount of linoleic acid. 

Relative reactivities toward hydrogenation have been noted* for several 
mono-, di- and triethenoic acids, and a saturase has been found* in punmkin 
seedlings. Oxidation of the essential fatty acids has been intensively stumed, 
both with soybean lipoxidase,*®'** which is specific for the essential fatty 
acids, and with heme compounds.**"** Both hemin and hemoglobin are de- 
stroyed during catalyzed autoxidation of linoleic and linolenic acids, with 
liberation of inorganic iron, under physiologic conditions.** Crude linoleic 
acid in the diet causes a progressive secondary anemia in rats.** Oxygenated 
linoleic acid is very susceptible to further oxidation.** Copper, in trace 
amounts, greatly accelerates autoxidation of linoleic acid,** and it has been 
suggested that peroxides formed in the brain may be destroyed by linolenic 
and linoleic acids in a reaction catalyzed by copi>er,** since the catalase con- 

* H. B. Knight, £. F. Jordan, Jr., and D. Swern, J. Biol. Chem. IM, 477 (1046). 

* H. J. Lips and G. A. Grant, Can. J. Restart F26, 63 (1947). 

* F. B. Shorland and P. B. D. de la Mare, Biochem. J. 39, 246 (1946). 

* P. B. D. de la Mare and F. B. Shorland, New Zealand J. Sci. Technol. B27, 466 
(1946). 

*1. M. Gajjar, J. Sci. Ind. Research (India) 5, 18 (1946). 

* E. P. Painter and L. L. Nesbitt, Oil & Soap SO, 208 (1943) . 

*M. C. Pangboni, J. Biol. Chem. 168, 361 (1947). 

* A. E. BaUey and G. S. Fisher, Oil d: Soap S8, 14 (1946). 

* A. Zeller and F. Maschek, Biochem. Z. 31S, 364 (1942). 

>*B. T. Holman and G. 0. Burr, Arch. Biochem. 7, 47 (1945). 

' ** 8. BergstrSm, ArMv Kami, Mineral. Oeol. 81A, No. 10, 1 (19M). 

** B. T. Holman, Arch. Biochem. 10, 619 (1946). — 

^ . ** F. Haurowits, Compt. rend. ann. et arch. soc. turq. sci. pkys. et nat. 8, 10 (1941-1942). 
; ** F. Haurowits and P. Sehwerin, Entymologia 9, 193 (1941). 

F. F. Simon, M. K. Hcnwitt, and B. W. Gerard, J. Biol. Chem. 104, 421 (1944). 
,^F. Haurowits, P. Schwerin, and M. M. Yensoh, J. Biol. Chem. 140, 353 (1941). 

, ** it. OyOrgy, B. Tomarelli, B. P. Ostergard, and J. B. Brown, J. Exptl: Med. 76, 

: HSGOe). 

.** H. von Euler, L. AMstrOm, and B. Ek, Arkiv Kemi, Mineral. Qeol. 34A, No. 17, 
1 (1947). 

** F.'O. Smith and E. Btots, N. Y. Stale Agr. Bxpt. Sta. Tech. Bull. 876, 1 (1946). 
*•1. Hnssak, Orwsofe Lapja t, 124S (1946). 
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tent of the is so low. The essential fatty acids are capable of destipyfei 
the ch^cal carcinogens 3 ,4-benzopyrene« and 2a-methylcholanthrene by 
a coupled oxidation, but 1,2,5, 6-dibenzanthracene is destroyed much more 
slowly.** Linoleic and ju-aehidonic acids" also destroy N,N-dimethylamino- 
azobenzene. Linseed oil and lard have no effect on actions of carcinogfens 
incorporated in these lipids.** “■ 

The RQ of isolated rat liver is increased to 1.23 by linolenic acid, and io 
0.95 by a mixture of oleic and linoleic acids, although both the latter acids 
decrease it when added singly.** 

B. BIOLOGICAL ASPECTS 

Considerable progress has been made in the study of the nni-mai role of 
the ^ntial fatty acids in microorganisms, plants, and animals. TlnnUin 
acid is a growth stimulant for some species of LactobociKue,**- *• but not for 
others.** ** Linoleic, linolenic, and arachidonic acids are essential to growth 
of an unidentified Micrococeua,^* and enhance growth of others,** whereas 
the saturated acids are ineffective. Linoleic acid is essential for sustained 
growth in vitro of Trichomonas vaginalis?^ 

A possible relation of linolenic acid content to longevity and germination 
of pine seeds is suggested** through parallel species variation. 

The biological importance of variaiion in linoleic acid content of plants 
used as food by insects is noted’* in regard to the sugar beet webwonn, 
LoxosUge sticlicalis L. Sterile females of this species are also abnormal in ' 
that they contain no linoleic acid; of their host plants, lamb’s quarters con- , 
tain 20.5 % and sugar beets or sage less than 1 % of linoleic acid, in terms of 
total fatty acids, suggesting the significance of diet in sterility in this q)eoies. 
EphesHa spp., Ttndmo moUtor, and various beetles and moths have been 

** G. C. Mueller and H. P. Ruech, Cancer Research S, 480 (1045). 

** G. C. Mueller, J. A. Miller, and H. P. Ruech, Cancer Research 5, 401 (1945). 

*' H. A. Davenport, J. L. Savage, M. J. Dirstine, and F. B. Queen, Cancer Beseanh' - 
1, 821 (1941). 

** &. Annau, A. Eperjeeey, and Z. L. Zanthureozky, Hoppe-Seyler’s Z. physiol. Chem.: ' 
«»,e6 (1943). 

'* W. L. Williams, H. P. Broquiet, and E. E. Snell, J. Biol. Chen. 170, 619 (1947)^ : ^ 
"B. M. Guirard, E. E. Snell, and R. J. Williame, Arch. Bioehem. 9, 361 (1946). 

"E. Kodioek and A. N. Worden, Biodum. J. 89 , 78 (1946). .•; > 

*• V. R. Williams and E. A. Fieger, J. Biol. Chem. 186 , 336 (1946). 

*• R. J. Dubos, Proc. Soe. Esepti. Biol. Med. 63, 56 (1946). 

••R. J. Dubos, /. Med. 86. 9 (1947). 

•* H. Spripoe and A. B. Eupferberg, /. Baeleriol. 68, 441 (1947). 

"N. T. Mirov, NeOure 164, 218 (1944). 

** J. H. Pepper and E. Hastings, Montana Agr. Expt. 8ta. Bull. 418 , 1 G943). ' 
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studied in regard to their requirements for essential fatty acids;®^*®* it is 
possible in Ephestia to differentiate effects of linoleic and arachidonic acids. 

Several studies have dealt with the requirements of mammals for essential 
fatty acids under various conditions. Rats are most commonly used, since 
the deficiency causes well-defined signs and symptoms. In dogs, fat defi- 
ciency is characterized by skin changes and decreased resistance to infection.®^ 
Although nutritive value of dietary fats depends on their content of linoleic, 
linolenic, and arachidonic ^ids, the relative proportions are also important, 
and forced exercise can elicit deficiency symptoms in rats fed a diet /con- 
taining horse fat, even though this fat supports growth better than Idoes 
linseed oil.®® In rapidly growing pigs, less linoleic acid is incorporated unto 
back fat than during slower growth.®® In rats, there is no sex difference in 
the composition of stored fat, but males are more susceptible to essential 
fatty acid deficiency.^® Deficiency in essential fatty acids does imt affect 
absorption in rats.^^ Effects of diet on distribution and composition of fat 
in the rat have been intensively studied.^®* ^® Synthetic margarine, contain- 
ing no unsaturated fatty acids or phosphatides, is well absorbed but pro- 
duces diarrhea, renal damage, and yellow atrophy of the liver Rats main- 
tained for long periods on a high carbohydrate diet with deficiency in 
essential fatty acids show a markedly increased absorptive capacity for 
glucose, whereas mature rats fed a high fat diet for relatively short periods 
show a decreased absorption of glucose.^^ Caffeine is reputed^* to increase 
the unsaturated fatty acid content of the liver when it is given orally, but 
not subcutaneously. If a fat-free diet is given to rats during pregnancy, 
12-linoleic acid may be found in the mother but not in the young.^’^ 
Offspring of rats fed a fat-poor diet develop Schachtelhalmschwanz, a rush- 
like jointed tail.^® If deuterium-tagged fatty acids are fed to pregnant rats, 
they are found also in the fetuses.^® It is possible to produce an essential 

**G. Fraenkel and M. Blewett, Nature 165, 392 (1946). 

**G. Fraenkel and M. Blewett, Biochem. J. 40, xii (1946). 

••G. Fraenkel and M. Blewett, Biochem, J. 41, 476 (1947). 

A. E. Hansen and H. F. Wiese, Proc, Soc, Exptl. Biol, Med. 68, 206 (1943). 

' A. von Besnak, M. von Beznak, and I. Hajdu, Erndkrung 8, 209 (1943). 

»» F. B. Bhorland and P. B. D. de la Mare, J. Agr. Sci. 86,33 (1946). 

H. G. Loeb and G. O. Burr, J. Nutrition 88, 641 (1947). 

R. H. Barnes, E. S. Miller, and G. O. Burr, J. Biol. Chem. 140, 773 (1941). 

^ L Bmedley-MacLean and E. M. Hume, Biochem. J. 86, 990 (1941). 

^ h Rieckehoff, R. Holman, and G, 0. Burr, Federation Proc. 6, 418 (1947). 

«« t. H. Rein, Food Inds. 19, 1363, 1466 (1947). 

R. G. Sinclair and R. J. Faasina, J. Biol. Chem. 141, 509 (1941). 

Hindemith, Arch, expth Pathol. Pharmakol. 199, 167 (1942). 

V? K* Bernhard and H, Bodur, Bfelv. Chim. Acta 89, 1782 (1946). 
fifes. Bernhard and H. Bodur, Helv. Phyeiol. et Pharmaeol. Acta 4, C41 (1946)* 
Ooldwater and D. Stetten, Jr., J. Biol. Chm. M, 723 (1947). 
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fatty acid deficiency in mice,*® preventable or curable by lard, as in rats. 
A deficiency may also be produced in the mature as weU as the young rat, 
and ethyl linoleate rapidly relieves the s3rmptoms; recovery also follows a 
sufficiently prolonged maintenance on a fat-free diet, su^sting that syn- 
theris of essential fatty acids can occur under these circumstances.** On the 
other hand, no synthesis of linoleic or linolenic acids is detected in rats given 
D2O, as reflected by incorporation of deuterium into the fatty acid molecule, 
although deuterium is found in palmitic, stearic, and even oleic acids of rats 
80 treated.**' *® As mentioned above, plants** and some insects can syn- 
thesize linoleic acid. Among the unsaturated fatty acids of hair of human 
adults, the essential fatty acids may have a bactericidal role akin to the 
fungicidal action postulated for the odd-number Cr-u acids present, in 
conferring resistance to ringworm in the adult.** 


C. VITAMIN INTERREIoATIONSHIPS 


Supplementation of the diet of rats fed carotene with the unsaturated 
fatty acids of butter results in accumulation of twice as much vitamin A 
in the liver as when saturated fatty acids are given.** Other work** indicates 
that the utilization of carotene from oils depends on the vitamin E rather 
than linoleic acid content. Gossypol has been shown to increase the effecte 
of suboptimal supplements of vitamin A and lard or methyl linoleate in 
diets deficient in both vitamin A and the essential fatty acids, acting as an 
antoxidant.*’ An antagonism between carotene and linoleic or linolenic 
esters in rats deficient in vitamin A is said to be prevented by a-tocopherol, 
probably by the same mechanism.*® Among the vitamin B complex, the 
essential fatty acids antagonize the lipotropic effect of mositol in rats but 
have no effect on the action of choline.*® In rat dermatitis, ethyl linoleate 
has a curative action whereas pyridoxine at best only alleviates, but pyri- 
doxine will potentiate subcurative doses of ethyl linoleate.*® The anti- 


*« E. A. White, J. R. Foy, and L. R. Cereoedo, Proe. 8oe. Expil. Btol. Med. 64, 301 
(1943). 

“ V, H. Barki, H. Nath, E. B. Hart, and C. A. Elvehjem, Proe. Soc. Expil. Biol. Med. 

“K.’SnhS’H. Steinhauser, and F. Bullet, Helv. Ckim. 

"F. BuUet and K. Bernhard, Helv. PkyM. et PUrmacol.Actat, C39 (19«). 

“ A. W. Weitkamp, A. M. Smiljanic, and S. Rothman, J. Am. Chem. 8oe. #9, 1936 

(1947). 

** E. F. Brown and W. R. Bloor, J. Nutrition 29, 349 (1946). 

“S. D. Rao, Nature 166, 234, 449 (1945). 

*’ E. L. Hove, /. Biol. Chem. 166, 633 (1944) 

•» W. C. Sherman, Proe. Soc. . 

*• J. M. R, Beveridge and C. C. Lucas, J. Btol. Chem. 
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acrodynic potency of various seed oils is related to the linoleic acid content, 
except when the linolenic acid content is hi^, in which case less ^ect than 
expected is obtained." Earlier studies**- ** indicated that eUiyl linoleate has 
no quuing action on pyridoxine, or that both are necessary for complete 
cure. In rats on a diet deficient in both pjrridoxine and essential fatty acids, 
pyridoxine or linoleic acid supplements are equally effective in permitting 
growth,** and the content of highly unsaturated fatty acids increases in rats 
regardless of which supplement is given. When chicks deficient in vitamin 
E are fed different fractions of hog li^%r fatty acids, the most highly un- 
saturated fraction is the most toxic,** and unsaturated fatty acids increase 
symptoms of vitamin E deficiency in chicks.** Vitamin E-deficient wats 
given unsaturated fatty acids show a diffuse brown pigmentation of stored 
fat, together with a lack of the normal pigment of the incisors which is due 
to iron.*' The pigmentation of lipids is taken to indicate** a metabolic 
interrelation of vitamin E and the essential fatty acids. Vitamin E increases 
qrmptoms of essential fatty acid deficiency but potentiates strongly with 
the effects of unsaturated fatty acids in counteracting this deficiency.** 

D. ACTION ON PHYSIOLOGIC PROCESSES 

The essential fatty acids are necessary for normal reproduction and lacta- 
tion in the rat.’®- ’* The comparative potencies of the actions of methyl 
arachidonate and methyl linoleate on growth are different from relative 
curative effects on other disturbances in essential fatty acid deficiency in 
rats.”’ ’* Very small amounts of methyl linoleate greatly increase fat storey 
in the rat.’* 

If linseed meal is added to an otherwise adequate diet, chicks show in- 
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hibition of growth; this can be prev^ted by prior soaking of the meal & 
water, and drying before mixing with the diet Since formation of HCN 
was previously shown” to be the most toxic factor in use of the meid, it is 
not hkdy that the essential fatty acids are involved. Linoleic acid decreases 
the synthesis of acetylcholine.” Linoleic and linolenic acid deficiency is ' 
accompanied by a reduction in time of excitation of peripheral motor nerves 
and a prolongation of muscular excitation;’* these aberrances are corrected 
by treatment with linoleic and linolenic acids. The incidence of ulcers of 
the gizzard in chicks fed a diet containing cinchophen decreases if methyl 
arachidonate or the methyl esters of highly unsaturated fatty acids from 
the phosphatides of beef adrenals are fed.*® 

E, CHEMOTHERAPY 

Antibiotics from yeasts and Tortda xitilis are a mixture of unsaturated 
fatty acids;®* that from the mycelia of PenicUlium crustomm is linoleic 
acid;** and the antibiotic lipid from Tetrahymem geleii is a mixture of un- 
saturated C 22 -J 4 acids.®* It is probable that other, unidentified antibiotics 
may ultimaitely be found to be essential fatty acids. Linoleic and linolenic 
acids inhibit oxygen uptake by Mycobacterium tvbercuhsis hominis.^ These 
acids also inhibit germination of spores of Clostridium botulinum at a con- 
centration of 1 mg. % but have no effect on vegetative cells; addition of 1 % 
starch to the medium antagonizes this inhibition.** These acids also inac- 
tivate the neurotropic strain of yellow fever virus, while the virus retains 
its antigenicity in mice.** Fever appears to cause a flooding of unsaturated 
fatty acids into the blood, and the temporarily beneficial effect of fever in 
eczema may be related to this.** 
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X. Requirements 

RALPH T. HOLMAN 
A. OF ANIMALS 

The daily linoleic acid requirement for maximum growth of rats has been 
variously set at 20 to 100 mg.^'^ The prophylactic dose of linoleic acid 
seems to be of the order of 20 mg. per day. Using highly purified diet, Mac- 
Kenzie ei aL® found that 23 mg. of methyl linoleate per day was sufficient 
to allow normal growth and reproduction. Greenberg ei alJ found that the 
daily dietary requirement for the male rat was in the range of 50 ta 100 
mg. of linoleic acid, whereas the female requires between 10 and 20 Wg. 
They also found that linolenic acid, if sparked by some linoleic acid, nad 
growth-promoting activity equal to that of linoleic acid. However, D^el 
et (d? found that 10 % cottonseed oil in the diet of rats receiving an optimum 
level of linoleate gave added growth, indicating the possibility of a benefi- 
cial effect of oil itself or of some constituent of the oil. 

The linoleic acid requirement varies with the (jomposition of the diet. 
Rations including corn starch or rice starch fail to produce fat deficiency® 
because of unsaturated fatty acids bound in the starch granules. Diets con- 
taining saturated fats as the sole source of energy accentuate fat defi- 
ciency.*® When Sinclair fed trielaidin vs dietary fat, the deficiency S3rmp- 
toms could not be cured by a daily dose of 20 mg. of corn oil.** These 
scattered observations suggest that either the requirement for linoleic acid 
is increased when non-essential fat is metabolized, or that some synthesis 
of essential fatty acids is possible from sucrose. 

Several early studies seemed to indicate that tissue linoleic acid parallels 

' G. O. Burr and M. M. Burr, J, Biol, Chem. 86» 587 (1930). 

*0. Turpein^n, J, Nutrition 16, 631 (1938). 
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the dietapTy intake of this acid.**'** Bernhard et ai.** and Schoenheimer^* 
found that tissue linoleic and linolenic acids incorporated deuterium from 
the body water enriched with heavy water at a much lower rate than did 
the other fatty acids, suggesting that the animal does not synthesize essen- 
tial acids. On the other hand, studies using spectrophotometric techniques 
for the measurement of the unsaturated acids seem to indicate synthesis of 
small amounts of essential fatty acids by animals on a fat-deficient diet. 
Medes and Keller** found that rats synthesized polyunsaturated fatty 
acids when diets deficient in Be and fat were supplemented with vitamin 
Be . In their studies on fat deficiency in adult rats, Barki ei d. found spon- 
taneous cures and demonstrated that the essential fatty acid content of the 
animals rose when they recovered spontaneously.'* The discrepancies 
between the deuterium experiments and these latter observations were 
probably due to the relatively short-term nature of the deuterium experi- 
ments and the apparent slow rate of turnover of the polyunsaturated fatty 
acids. It appears that the essential fatty acids can be synthesized by the 
animal, but not in sufficient ([uantity to provide for the needs of the growing 
animal. 


B. HUMAN BEINGS 

There is no specific information regarding the essentiality of linoleic acid, 
or similar unsaturated fatty acids, in human nutrition. The evidence indi- 
cates that these fatty acids may be essential, that the requirement is rela- 
tively small, and that ordinary diets easily supply this requirement. The 
Food and Nutrition Board of the National Research Council recommends 
that an adequate diet should contain essential fatty acids to the extent of 
1 % of the total calories. 

>* N. R. Ellis and 0. G. Hankins, J. Biol. Chem. 66, 101 (1925). 

** A. Banks, T. P. Hilditch, and E. C. Jones, Biochem. J.tl, 1375 (1933). 

** H. E. Longenecker, J, Biol. Chm. 128, 645 (1939). 

** K. Bernhard, H. Steinhauser, and F. Bullet, Hdv. Chim. Ada 85, 83 (1942). 

** R. Sohoenheimer, The Dynamic State of Body Constituents, p. 18. Harvard Uni- 
versity Press, Cambridge, Mass., 1949. 

» G. Medes and D. C. Keller, Arch. Biochem. 16, 19 (1947). 

** V. H. Barki, R. A. Collins, E. B. Hart, and C. A. Elvehjem, Proe. Soe. EzpO. 
Biol. Med. 71. 694 (1949). 
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of the two structures in question are: 




Thus X would be named L-mi/o-inoatol-l-phosphate, and XI would d- 
^yo-inositoH-phosphate. \ 

Rule 3. When an inositol derivative contains less than six asymmetric 
carbon atoms, (he compound wiU be given the trivial name of one of the parent 
inositols to which it is related, the choice being that parent inositol which has 
the maximum number of ds-hydroxyl groups. Where this offers more than one 
possibility, as in the diketoinositols, the following also apply. Secondarily, 
the parent inositol chosen is that which has the lowest possible number for its 
substituents cis to the hydroxyl on carbon 1, or, finally, that which wckld 
confer the lowest possible nunibering on substituents other than hydroxyl. 

This rule may be illustrated by its application to the ketoinositols 
(named inososes by Postemak*) obtainable by oxidation of wj/o-inositol. 


0 


0 

A — fv, 


2 





*\|1 2 / 

\ig 4 \/ 

\ 

XII 

1 

XIII 

XIV 

2-Keto-myo-inosito] 

L*2-Keto-ept-iDositol 

D-2-Keto-epz-inositol 

(myo-Inosose>2) 

(L-cpt-Inosose-2) 

(D-cpi-Inoso8e-2) 


The bacterium Acetobacter suboxydans oxidizes wj/o-inositoP^ • to a mono- 
ketoinositol which was shown by Posternak^* to have the structure XII. 
'piis compound (XII) has three hydroxyl groups projecting upward and 
only two projecting downward. Hence, according to rule 3 it receives the 
ttivial name of mj/o-inositol which has an hydroxyl group projecting upward 
in pOfidtion 2. The name of choice for XII is therefore 2-keto-myo-inositol 
or m^*inosose-2. It had previously been named scyBo-mcse-inosose by 

i|L. /, iEluyver and' A. G. J. Boe*wtrdt| Sec. tna>. ekim. 58, 966 (1939). 

E. Carter, C. Belinsky, R. K. Clark, Jr., E. H. Flynn, B. Lytle, O. E. MoCan- 
' tand, and M. Robbina, /. Bid. Chem. 174, 416 (1948). 
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Post6mak, since it could be selectively reduced to either scyllitol oi?' 
T^so-inositol (myo-inositol). 

Nitric acid oxidation of wij/o-inositol produces a monoketoinositol whidi 
is a racemic mixture of XIII and XIV. Postemak^^ resolved this mix-, 
ture and demonstrated that the levorotatory isomer had structure XIV* 
Although this compound was obtained from w^/o-inositol, according to 
rule 3 it must be assigned the trivial name of the inositol in which the 
hydroxyl on carbons 1, 2, 3, 4, and 5 are m, i.e., cpi-inositol. By rule 2f 
structure XIV is placed in the d configurational series, and the exact name 
is therefore D-2-keto-epwnositol or D-epi-inosose-2. The enantiomorphic^ 
XIII is L-2-keto-6pi-inositol or L-cpi-inosose-2. 

The diketoinositol shown in formula XV is related to both tnyo-suid Mucch 
inositols (but not to either d- or L-inositol, because these have fewer cis*^ 
hydroxyl groupsr-see rule 3). Since the substituents ds to the hydroxyl on 
carbon 1 in m^/o-inositol have a numbering sequence (1, 2, 3, 5) lower than 
that in mt^ro-inositol (1, 2, 4, 5), the compound is correctly named 1,3- 
diketo-mpo-inositol. 



1 

0. 

/ \ 

/I .2\. 


fC >0 


a 

o 

t 

N / 


\|3 

r 

XV 

f 

XVI-a 

XVI.6 


l,3-Diketo-mva> 

l,5-Diketo-mtic(>- 


inositol 

inositol 


Aminodesoxymodiols. Several derivatives of inositol in which amino 
groups replace hydroxyl groups have been prepared synthetically,^®-^* and 
at least one, streptamine, is loiown to occur naturally. Carter and his co- 
workers^* have coined the term inosamine as a generic designation for this 
class of substance, and other authors^^' ^* have continued the usage. The 
two monoaminodesoxyinositols derivable from 2-keto-w2/o-inositol (XII) 
h&ve been synthesized^** “ and their configurations established^* ^** ** as 
XVlI and XVIII. Each of these meso structures may readily be named 

T* Postemak, Helv, Chim. Acta 25, 746 (1942). 

T. PoBternak, Helv. Chim. Acta 29, 1991 (1946). 

J. Groshelntx and H. O. L. Fischer, J. Am. Chem. Soc. 70, 1479 (1948). 

H. E. Carter, R, K. Clark, Jr., B, Lytle, and G. E. McCasland, J . Bwl. Chem. 

683 (1948). 

E, and E. Mosettig, J. Org. Chem. 14, 1137 (1949). 

L. Anderson and H. A. Lardy, J. Am. Chem. Soc. 72, 3141 (1950). 

T. Potternak, Helv. Chim. Acta 83, 1597 (1950). 

Q* E. McCasland, /. Am. Chem. Soc. 78, 2295 (1951). 
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XVII 

2-Amino-2-desoxy-mya-inositol 

(myo-Inosamine-2) 



XVIII 

Aminodesoxyscyllitol 

(scyZIo-InOBamine) 


through reference to the corresponding inositol, the mT/o-inositol relative, 
XVII, being called 2-amirio-2-desoxy-my{>-inositol (or /w 2 /o-inosamine- 2 ), 
while XVIII is simply aminodesoxyscyllitol (or scT/ZZo-inosamine). The 
reduction of nitrogenous derivatives of DL-2-keto-cpz-inositol (XIII, XIV) 
gives two enantiomorphic pairs of inosamines: DL-2-aminO“2-desoxyVcpi- 
inositol (DL-epz-inosamine-2, XIX-XX) and DL-4-amino-4-desoxy-?n2/i-in- 
ositol (DL-mi/o-inosamine-4, XXI-XXII). One of these compounds was 
made by Carter and his coworkers.^® The other has been synthesized ^by 
Rieke et The methods of synthesis (cf. Anderson and Lardy^®) and 
properties of the compounds indicate that the compound prepared by Carter 
ei al}^ (and designated EA) is DL-cpi-inosamine-2 (XIX-XX), and that 
prepared by Rieke et al.^^ is DL-?7i2/o-inosamine-4 (XXI-XXIl). 

The antibiotic, streptomycin, contains a diamino didesoxyinositol, which 
has been given the trivial name, streptamine. Previous evidence indicated 
that streptamine has the configuration shown in XXIII.-^ Wintersteiner 



XIX 

D-2-Ammo>2-desoxy-epi-inositol 

(D-epi-Inosamine-2) 


XX 

L-2-Amino-2-desoxy-cpi-inositol 

(L-cpt-Inosamine-2) 


NH, 

XXI. 

.D-4pAmmo-4-desoxy-myo-inositol 
(D-myo-Inosamine- 4) 



XXII 

L.4-Amin(M-desoxy-myo-inositol 
(L- myo- Inosamine- 4) 


NH* 

XXIII 

1 ;3-Dlamiao- 1 ,3-didesoxyscyllitol 


it Rieke, H, A. Lardy, and L. Anderson, J. Am. Chem. 8oc. 75, 694 (1963). 

L. Wolfrom, S. M. Olin, and W. J. Polglase, «/. Am. Chem. Soc. 72, 1724 (1960). 
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m 

et al?^ prepared a monoamino monodesoxyinositol by nitrous acid deamina-- 
tion of a derivative of streptamine in which one amino group was blocked* 
Such deamination generally occurs with Walden inversion.'® Synthetic 
i>L-wi2/o-inosamine-4 (XXI-XXII) is identical with the compound pro- 
duced from streptamine bj’^ Wintersteiner, thus confirming the all Ivans 
structure (XXIII) for streptamine.®' 


n. Chemistry 

ERWIN CHARGAFF 

inositols' are a family of isomeric^ hexahydroxy derivatives of cyclo- 
hexane. They are the ultimate representatives of the series of hydroxy- 
(ry(Johexanes that can be subsumed under the general term cyclitol.® The 
designation cyclohexitol to des(‘ribe the inositols is also sometimes en- 
(?ountered in the literature, in contrast to the (^yclopentitols or desoxy- 
inositols (quercitols), the cyclotetritols, etc. The hexahydroxy cyclohexanes 
can exist in two optically active and seven inactive configurations, in addi- 
tion to the racemic? dl compound. Only a few of those, however, have so 
far been found to 0 (*cur in nature, and two of the isomers do not appear to 
have been prepared as yet. 

A. NOMENCLATURE 

In a (*yclic compound of the molecular formula (CHOH)6 it is sufficient 
to indicate the positions of the hydroxyl groups; the corresponding steric 
positions of the hydrogen atoms are thereby defined and need not be speci- 
fied. In the following discussion all numbers and graphic representations 
will, therefore, refer only to the hydroxyl groups. 

The diffi(!ulties facing attempts at arriving at a numbering system that, 

with a single convention, will permit an unequivocal description of all 

inositol isomers and their derivatives are almost insuperable. Maquenne* 

adopted the practice, at that time followed in carbohydrate chemistry, 

of denoting the numbers of the carbon atoms carrying hydroxyl groups 

situated above and below the plane of the ring respectively by way of a 

^ 1235 1246 1356 1345 .-., 

fraction. meso-Inositol thus would be or -g— or or -gg-j u the 

0. Wintersteiner and A. Klingsberg, J, Am. Chem. Soc. 73, 2917 (1961). 

' P. Pleury and P. Balatre, Les In 08 itols-~Chimie et Biochimie. Masson, Paris, 1947, 

* For a recent review on the cheinistry of cyclitols, see H. G. Fletcher, Jr.^ Ad-; 

vance^ in Carbohydrate Chem. 3, 45 (1948). 

* L. Maquenne, Ixis Sucres et leurs Principaux D^riv6s, Carr^ et Naud, Paris, IflOO. 
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numbering proceeds in a clockwise direction. The multitude of possibilities 
points to the unsatirfactoriness of this ssrstem, especially if inositol deriva- 
tives are to be described. 

Magasanik and Chargaff^ proposed a system, which they applied to the 
cyclohexitols and their keto and desoxy derivatives, in which the carbon 
atoms are numbered clockwise, positions 1 and 6 chosen with their hy- 
droxyls in trans position. The structure is arranged in such a manner as to 
have as many hydroxyl groups as possible da to the one in position 1. 
Where this scheme allows two possibilities, that arrangement is choi^n in 
which the carbon atoms with hydroxyls ds to the one in position 1 have the 
lowest positional numbers. The planar projection of mcso-inositol w^uld, 
consequently, be numbered in the following manner. 



The inositol isomers are designated cyclohexanehexol, their desoxy deriv- 
atives cyclohexanepentol, their monocarbonyl derivatives cyclohexane- 
pentolone, the corresponding diketones cyclohexanetetroldione, etc. In the 
case of the inositols it is sufficient to indicate the position of the da hy 
droxyls. m^so-Inositol is designated as cyclohexane-(l,2,3,5)m-hexol. 
Similarly, its 2-keto derivative is described as cyclohexane- (1, 3, 5)cis- 
pentol-2-one. The corresponding 2-desoxyinositol is cyclohexane-(l ,3,5)- 
ct«-4,6-pentol. In this case the numbers of all hydroxyl groups must be 
given. 

This system has the advantage that structures can be derived from 
d^gnations without reference to any visual aid. It leads, however, to 
rather clumsy names, when sterically different polyfunctional derivatives 
; are to be descried. Moreover, it requires enantiomorphs to be numbered 
differently in equivalent positions. 

A scheme which avoids the last-mentioned disadvantage has been pro- 
posed by Fletcher et (see the preceding section by Heniy A. Lardy, 
p.323). 

B. PLANAR PROJECTIONS 

The planar projections of the cyclohexitpls, including those not yet en- 
eountered or prepared, are shown in Table I. The structure of meso-inositol 
; is based on the work of Dangschat and Fischer* and Postemak^. The 

Magasanik and £. CbsrgaS, J. BioL €hem. 174, 173 (1948)* 

G. Fletcher, Jr., L. AndCrson, and H, A. Lardy, J, Org, Ckem, 16, 1238 {1961). 
^ IDangschat, Ndunmaenaehaften 80, 146 (1942). 

I Postamak, Halv. Chtm. Acta 25, 746 (1942). 
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struct(u«8 of II,* VII, ^ and DC* were elucidated by Postehiak, thoae o|^ 
III and VI by Dangschat and Fischer.‘*> “ Table I also indicates the num- 
bering devices and trivial names suggested by Fletcher et al.* 


C. SPATIAL CONSTELLATIONS 


Most textbooks and even review articles represent 7 ne«o-inositol and 
its isomers in the form of planar structures. This is, however, far from 
acceptable, since it could lead to the assumption that the various hydroxyls 
situated in what would be considered as the same plane are chemically 
equivalent. Actually, it has been shown by Magasanik and Chargaff** 
that the several hydroxyl groups in ds position are treated differently in 
a biological system, according to their position in space. These findings tm 
the selective oxidation of the inositol isomers by resting cells of Acetabactet 
suboxydans, to yield mono- or dicarbonyl derivatives, were later extended 
to cell-free enzyme preparations.** ■ ** 

It is, of course, evident that the structural formulas I-IX in Table I, 
representing the series of inositol isomers, do not describe the actual posi- 
tions in space of the various atoms, but merely represent planar projectirais 
based on the conventions introduced into stereochemist^ by Emil Fischer.” 
If the biological function and fate of meso-inositol and its isomers are to be 
understood, the element of rigidity, i.e., the lack of free rotation around 
carbon-to-carbon bonds, prevailing in these derivatives of cyclohexane, 
cannot be ignored. 

The well-known Sachse-Mohr concept postulates the existence of puck- 
ered rings in cyclohexane; two strain-free forms are possible, the chair 
configuration and the boat configuration. Recent work based on electron 
diffraction studies*' and spectroscopic** and thermodynamic" properties 
has led to the conclusion that at room temperature cyclohexane exists pre- 
dominantly in llie chair form. Similar considerations have been brought to 
bear upon the structures of the mono- and dimethyl derivatives of (grdo- 


• T. Postemak, Helv. Chim. Acta 89, 1991 (1946). 

•T. Postemak, Helv. Chim. Acta 19, 1007 (1936). «<, tka nona\ 

‘^G. Dangsehat and H. O. L. Fischer, Nalurwieeensehaften 87, 766 (1939}. 

“ H. 0. L. Fischer, Harvey Lectures «. 156 (1946). 

“ E. Chargaff and B. Magasanik, J. Biol. Ckem. 166, STO (IW. 

“ B. Magasanik and E. Chargaff, J. Biol. Chem. 176, m (1^). 

“ 8. and E. Chargaff, J. Biol Chem. 176, 939 (1^)- 

**R. E. Pranal and E. Chargaff, Federation Proc. 9, 173 (1960). 

*• R. E. Franri and E. Chargaff, Nature l«, 9M (1961). 

»K. Preudenberg, Stereochemie, p. 662, Deuticke, ^^*>8 ^ ' 

“0. Baaael, Tidstkr, Kjemi, Bergvesen Met. 8, 32 (1943), Q«or<. Rev 
7,221 (1968). 

*• R. 8. Rassnisaen, /. Chm. Phys. 11, 2^ ^ m 

*»C; W. Beckdit, K. 8. Pitacr, and R. Spitaer, J. Am. Chem. Soe. 69, 


1983, ;,r 


■■■ , 5 ^?; 
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and upon the Tsriouf lioxachlwtx^ynWiwa^ ^ 
0^008 applied to c3^(diexaoe and its dfflivativea aiu axten^ to the 
Qrdohezitois, it will be seen that dx of tite substituents (l^droxy] or 
hydrogen) surround the ring of carbon atoms in an equatorial belt; the six 
others are perpendicular to the plane formed by the carbon ring: three 
above (north polar), three below (south polar). Each carbon atom will 

TABLE II 

Spatial Configubationb of Cyclorexitols* 


Compound 


Position of hydroxyls on corbon atom! 


Planar 







projection 

Trivial name 

Designation 

Equatorial 

North 

polar 

South 

polar 



Cyclohexane- 

1, 3,5 

2, 4,6 




(1, 2, 3, 4,5,6)- 
m-hexol 




II 

-Inositol 

Cy’-clohexane- 

1, 3, 6, 6 

2,4 




(1, 2,3,4, 6)-ct«- 
hexol 




III 

alio-Inositol 

Cyclohexane- 

1,3,6 

2,4 

5 



(l,2,3,4)-cw-hexol 




IV 


Cyclohexane- 

1,3, 4,6 

2 

5 



(l,2,3)-ci«-hexol 




V 

mcso-Inosi- 

Cyclohexane- 

1,3, 4, 6, 6 

2 

__ 


tol 

(l,2,3,5)-ct«-hexol 




VI 

muco -Inosi- 

Cyclohexane- 

1,6,6 

2,4 

3 


tol 

(l,2,4,6)-cw-hexoI 




VII 

Scyllitol 

Cyclohexane- 

1,2, 3, 4, 5,6 

-- 

— ■ 



(l,3,6)-ct«-hexol 




VIII 

d-Inositol 

Cyclohexane- 

1, 4, 6, 6 

2 

3 



(l,2,5)-cis-hexol 




TX 

Mnositol 

Cyclohexane- 

2, 3, 4, 6 

1 

6 


(l,2,4)-ci«-hexol 


" Based on the chair configuration and on the numbering system of Magaaanik and Cbargaff.^ 


therefore carry one polar and one equatmudlitubstituent. A twi&t of the six- 
carbon atoms through a single plane td-the ^ipoirite chair form renders the 
equatorial substituents polar and sto versa.” IVo geometrically tautomeric 
forms wiU, consequently, exist fo^ieaeh inositol isomer. By analogy to the 
methyl-substituted cycloheiiaies,^. it may, however, be assumed that the 
tautomer possessing the ddSiUar miml^ of polar hydroxyls will predomi- 
nate. 

The constellations of tim .hydroxyl groups in the chair forms of the iso- 

H F. D< Rosaini and K. S. Htser, Science lOS. 647 (1947). 

BaetianaeB».jy;'18jfeft^ and 0. Hasael, Beeearek (London) S, 248 (1049). 





Hieric<grck)fc«dt^ am Hated in mie II, with the uw of thedeidpatinatl’ 
and the QumberNE aystem proposed by Magasanik and Chai«aff> The 
bcheme of Flet<dier et al.* cannot be followed for this pvtipoae, sinoe, as 
may ^ in Table I, tt employB two alternative routes of numbering for 
five of the nine cyclohexitols A system for the graphic presentation of the 
consteUations of the cychtols has been proposed recently by Magasanik 
et ol” In this notation, which is employed fot the depiction of the mositol 
constellations m Table III, north polar hydroxyls arc indicated by full 

TABLE III 

Constellations op CYf;i.nHRTrTTfiT.a« 


XT ^ XT 

/ ** I« 

allo-Inosital 

^ X> X 

„ P • VI 

' m>/n>.Innf!iW 

X X X 

VII VIII IX 

tinosita 

“ Bawd on the chair confiRutation. Graphic notation'’: north poiar hydroiyb, full didee; couth 
polar hydrnaylci open ciroieB; equatorial hydroxylc, iincc. 


circles, south polar hydrOaXyls by open circles, equatorial hydroxyls by 
radial lines; the hydrogen atoms arc not shown. 

The biological significance of the spatial configurations of the cyclo- 
hexitols has been demonstrated by the selectivity, dependent upon the 
stereochemistry of the different substrates, with which specific hydroxyl 
groups are oxidized by Aceiohacter suboxydans to mono- or dicarbonyl 
derivatives. These studies have led to the following rules defining the steric 
requirements for oxidation:^* (1) Only polar hydroxyl groups are 

oxidized. (2) Tlie carbon in meta position to the one carrying the polar 
hydroxyl group (in counterclockwise direction, if north polar; clockwise, 
if south polar) must carry an equatorial hydroxyl group. 

” B. Magasanik, K. E. Franzl, and E. Chargaff, / . Am. Chem. Soc. 74, 2618 (1952). 
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D. DISTBIBXJTION 
1. meso-lNOSrroii 

7?»c«o-Ino8itol, discovered by J. Scherer" in 1850, appears to be an almost 
ubiquitous and possibly essential cellular component. A survey of its oc> 
currence in plant and animal tissues has been given by Fleury and Balatre.* 
The extent to which it is present in all microorganisms cannot yet be 
stated. It is doubtless an important constituent of the lipids and other 
fractions of acid-fast bacteria from which it has been isolated in| quan- 
tity.**- ** I 

When meso-inositol is stated to occur in almost all types of cell, this 
must not be taken to mean that it can always be isolated from them wiuiout 
more or less extensive degradative action. There are obviously many types 
of derivatives in which inositol is able, and often has been shown, to mst, 
such as ethers, esters, lipids, and therefore also in lipc^roteins, phospho- 
proteins, etc. It has frequently been found in the free form; but this may 
often have been due to enzymatic liberation taking place in the course of 
the preparation or the assay. 

Among the naturally occurring derivatives of meso-inositol, the following 
may be mentioned. Bornesitol, a dextrorotatory monomethyl ether ;f-** 
sequoitol, an optically inactive monomethyl ether ;*•- ** and dambonitol, an 
inactive dimethyl ether.*'"** One of the most widely distributed forms of 
meso-inositol is phytin, the hexaphosphoric acid ester. The various phos- 
phates of inositol have been reviewed recently by Courtois.** The occur- 
rence of meso-inositol as a component of an entire series of lipids is of 
great interest. It was first discovered, in this combination, in lipid prepara- 
tions from tubercle bacilli and related acid-fast microorganisms,** • *• and 
later it was shown to occur in soybean phosphatides**- *' and in brain 
pho^hatides.** The structure of the soybean inositide, for which the name 

J. Scherer, Ann. Chem. J tutus Iddngs 78, 322 (1850). 

** R. J. Anderson, J. Am. Chem. Soc. 68, 1607 (1930). 

** E. Ghargaff and R. J. Anderson, Hoppe-Seyler’sJZ. physiol. Chem. 191, 172 (1930). 
” A. Girard, Compt. rend. 78, 426 (1871). 

** E. R. Flint and B. Tollens, Ann. Chem. Justus lAMgsrXH, 288 (1893). 

»• E. C. Sherrard and E. F. Kurth, /. Am. Chem. Soe. 01. 3139 (1929). 

*• N. V. Riggs, /. Chem. Soc. 1949, 3199. 

“ A, Girud, Compt. rend. 87 , 820 (1868) . 

** C. O. Weber, Ber. deut. chem. Oes. 86, 3108 (1903). 

•• A. W. K. De Jong, Bee. trav. ehim. 87, 257 (1908). 

' ** J. E. Coortoia, BtM. soc. ehim. 'biol. 88, 1075 (1951). 

Klenk and R. Bakai, Hoppe-Seyler’s Z. physiol. Chem. 808, 33 (1939). 
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lipositol has been suggest^,’* appears to be complex. The best chai?aei^, 
terized inositol-containing lipid doubtless is the diphosphoinositide iso-' 
lated from brain by Folch,®* which contains meso-inositol in the form d si' 
diphosphate. The structure of this diphosphoric acid ester is not yet known 
except for the relative position of the two acid residues, which is metd. 
There exist probably many other forms in which inositol occurs in tissues; 
one could think of polyinositol phosphates and even of inositol polyphos- 
phates. Indications of the existence of highly polymerized substances con- 
taining inositol have been reported.*® » No more than brief reference can 
be made here to streptamine, a component of streptomycin, which is a 
meto-diaminocyclotetritol.^^ 


2. SCYLLITOL 

This (iyclohexitol (structure VII) has been found in the organs of several 
fish varieties (dogfish, sharks, etc.),^®'^* in acorns, and in the leaves of the 
coconut palm^® and of dogwood.^^ Its occurrence in human urine has been 
reported recently.^® A C-methyl derivative^® of scyllitol, msrtilitol, has been 
isolated from the mussel Mytilus 

3. d- AND Wnositol 

The optically active cyclohexitols occur in nature in the form of mono- 
methyl ethers. The dextrorotatory pinitol, which gives rise to d-inositol 
(structure VIII), was first found in Finns lamberiianaj^ but it occurs also 
in a variety of other plants or plant products (Madagascar rubber, red- 
wood, loco weed).^' * The following structure has recently been assigned to 
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A(u*ordiiig to the nomenelaturc of Flcteher vt al} it would eonso- 



(juditly be designated as 5-methyl-D-iiiosito]. 

The Icvorotatory ([uebrachitol is a moiiomeihyl eth(^r of /-inositol (st ruc- 
ture IX). It was discovered by "Fanret^^ in the bark of the (iu(‘bra(*h(j tre(\ 
In addition to several other plants,^ - - it oc<‘urs in th(^ latex of Hvmi \)nm- 
liensis,^^ which appears to be the best source. The natural occuncMiW* of 
racemic inositol also lias been n^portcnl.^" \ 

4. Other Cyclotiexitols 

None of the other isomers of wcw)-inositoI appears as y('t. to hav(‘ Imhui 
found in nature. It is, however, jXThaps .suggestive that, tlu^ y isomcM* of 
hexachlorocyclohexane (“gammexane”)» widely us(‘d as an inse(*ticid(\ has 
been shown to have the configuration of w/a*e-inositol (structni(‘ \T).'‘'' in 
this connection, a brief mention of the striK'tures of tlu^ otlaa* iH'xachloro- 
cyclohexanes may be of interest: the a i.^^omer (‘orresponds to d, /-inositol 
(structures VH1 and IX), th(» isomer to scyllitol (stnictun' \’II), tlu* 
5 isomer to mw^-inositol (.structure V), and the c i.sorner to the unknown 
cyclohexitol IV.^- 


E. PROPERTIES 

The cyelohexitols are white crystalline, non-reducing substances, soluble 
in water, the most sparingly soluble being scyllitol (VH). "Fhey are usually 
recrystallized from aqueous ethanol. For additional characterization th(* 
hexaacctates are often employed; and the distillation in vacaium of similar 
hexa derivatives has been suggested as a procedure for final ])urification.’’ 

Some of the characteristics of the various isomers arc as follows: cp/- 
inositol (II), m.p. 285° (with decomposition); hexaacelate, m.p. ISS"*; 
a/fo-inositol (III), m.p. 270-275°; mc.vo-inositol (V), m.p. 225 227°; hexa- 
acetate, m.p. 210-217°; m?ico-inositol (VI), m.p. 285-290° (with decomposi- 
tion); scyllitol (VII), m.p. 352° (with decomposition); hexaacetate, m.p. 

A. B. Anderson, D. ].i. MacDonald, and II. O. L. Fi.schor, ,/. Am. ('hvm. tioc. 74, 

1479 (1952). 

C. Tanret, Compt. rend. 109, 908 (1889). 

A. W. K. De Jong, Rev. frnv. cMm. 25, 48 (1900). 

C. Tanret, Compt. rend. 146, 1196 (1907). 

G. W. van Vloten, C. A. Kruis.sink, B. Sirijk, and J. M. Hijvoct, Nature 162, 

771 (1948). 
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296-297'^; rf-iiiositol (VIII), m.p. 249-250°; [a]f - +65.0° (in water); 
/-inositol (IX), m.p. 249-250°; [«]f^ = —63.8° (in water). 

The behavior of (\vcIohexitols toward oxidizing agents is not yet com- 
pletely understood, ^’'igorous action of nitric acid, as it is employed in the 
ScluTcr test for the qualitativ(i demonstration of inositol, leads to aromati- 
zation and a whole series of six- and five-inernbered poly carbonyl com- 
pounds, vsuch as tetrahydroxy(iuinone and rhodizouic, croconic, and leuconic 
acids. Under milder conditions mc6*o-iuositoI (V) is converted by nitric 
acid to DL-2-keto-cpwnositol (numbering as in Table I).^^ 
r/?cso-Inositol (V) ])ehaves in an anomalous fashion toward oxidation 
by periodic acid.®^ Instead of the expec.ted uptake of 6 equivalents of oxi- 
dizing agent, only 4 eciuivalonts ar<' (!onsumed in a first rapid phase, which 
is followed by a second, much sloAver one. Tlie reaction mechanism is not 
yet understood completely. It is th(' opinion of this writer, however, that 
(he s])atial (*onstella1ion of the hydroxyl group in a given inositol isomer, 
as discusscul in vSection II. U and in Tables II and III, will probably be 
found to infliK'iK'e the course' of its oxidation by p('riodate. In this connection 
it is not(*worthy that the product of the oxidation of mc.su-inositol by 
Acrfobactcr which carries a (‘arlxaiyl group in position 

2 instead of the polar hydroxyl,** is (‘leaved in a normal manner by periodic 
acid/’- and that, on the other hand, the tetraacetyl derivative of meso- 
inositol containing a c?‘s-glycol structure, which comprises a polar and an 
adjacent ecjualorial hydroxyl, is not attacked by periodate.® 

A numlxu- of mono- and di(‘,arbonyl derivatives of the different cyclo- 
h(;xitols may be obtained through the action of Acciobadcr suhoxydans, 
(Com])are also S('ct ion 1 1. C.) The inoscjse produced from mcso-inositol®^ 
lias the following structure.^ 


cpi-Inositol (II) yields a levoratory keto derivative with the following 
structure.^' *- 



“‘T. Posternak, Hdv. Chim. Acta 19. 1333 (1936). 

P. Fleury, C5. Poirot, and J. Kii;v('t, Compt. rend. 220, 6(Vt (1945). 
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338 


INOBITOIiS 


Mono- and dicarbonyl derivatives also have been prepared from the opti- 
cally active isomers.** 

Conversions of one inositol isomer into another have frequently been 
effected with the use of the keto derivatives as intermediaries. In this 
manner, Tncso-inositol (V) has been converted to cpf-inositol (II)®* and 
to scyllitol (VII), ** and «?cso-inositol has been produced from d-inositol 
(VIII).*’ The preparation of aZZo-inositol (III) and muco-inositol (VI) from 
the naturally occurring tetritol conduritol*® should also be mentioned. 
Another t 3 T)e of conversion is carried out through the drastic actjon of 
halogen acids at elevated temperature.®* ITius, meso-inositol (V) is con- 
verted to dWnositol (VIII -1- IX).®’* ®® Corresponding reactions have also 
been described with quebrachitol and /-inositol (IX) as the starting ' pro- 
ducts.®* 

The synthesis of meso-inositol by the catalytic hydrogenation of h^xa- 
hydroxybenzene®® appears to have been repeated recently,®* although other 
workers*®* ** experienced difficulty in confirming it. 

Addendum: Among other literature reports, the following may be 
mentioned; a new total synthesis of meso-inositol (V);*’ the demonstration 



OCH, 


of the structure of quebrachitol, a monomethyl ether of /-ino,sitol (IX);*’ 
and a discussion of the nomenclature of the cyclitols and of some of their 
isopropylidene derivatives.** 
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in. Industrial Preparation 

E. R. WEIDLEIN, JR. 

In the absence of a practical chemical synthesis for inositol, the com- 
pound has been obtained industrially by isolation of the natural vitamin 
from plant sources. 

A. PllESKNCE IN PLANTS 

Inositol is found widely distributed in many different types of plants. 
It is most freciuently eiKiountered in combination with phosphoric acid, 
although free inositol and monomethyl and dimethyl ethers of inositol 
have also been isolated from some plant species. Phospholipids which con- 
tain inositol, rather than glycerol, as the polyalcohol are an important 
class of phosphoric acid derivatives in plants as well as in animals. How- 
ever, the most common form for the occurrence of inositol in plants is as a 
hexaphosphori(; acid csUt called phytic a(*id, a compound which is capable 
of forming salts with potassium, calcium, magnesium, iron, manganese, 
and other metals of importance in plant nutrition. 

Phytic acid and its salts appear to be heavily concentrated in seeds and 
cereal graiiiv^', in which i)hytate may account for as much as 86% of the 
total phosphorus present.^ In some instances the phytate has also been 
shown to exist in combination as a protein complex.^ little is known of 
the functions of phytates in plant metabolism, but they have been pre- 
sumed to act as st,ores of i)hosphoric acid which may be utilized by the 
plant during sprouting. This opinion is supported by the fact that the 
concentration of frcH' inositol has b(Km found to incn»ase in several different 
types of seeds during germination.'^ It also has becni recognized that phytates 
may function as carriers for trace metals needed to insure normal plant 
growth.^ 

Approximately 80 % of the phosphorus in corn exists as phytate, corn 
having been reported to have a content of phytic acid phosphorus which 
varies from 0.199 to 0.270 %, compared with a variation in total phosphorus 
of 0.248 to 0.330 % on the same biisis.* Among the other plants in which 
phytic acid has been found are wheat, rye, oats, peas, beans, barley, rice, 
cottonseed, flaxseed, soybeans, and peanuts. 

In extracting the phytate from plant materials, investigators have most 

^ H. Mollgaard, K. Lorenzon, 1. G. llansen, and P. E. Christensen, Biochem, J. 

{London) 40 , 589 (1940). 

*T. D. Fontaine, W. A. Pons, Jr., and G. W. Irving, Jr., ,/. Biol. Chem. 164 , 487 

(1946). 

* V. H. Cheldelin and R. L. hane, Proc. Soc. Exptl. Biol. Med. 64 , 63 (1943). 

^ K. R. Weidlein, Jr., Mclloo Inst. Bibliographic Ber. Bull. 6 (1951). 



340 


INOSITOLS 


often used dilute hydrochloric or sulfuric acids to treat the whole seed or 
individual fractions of the seed, but other reagents have also been used. 
From these extracts, various phytate salts have been precipitated and free 
inositol obtained by hydrolysis of the phytate salt. 

B. CORN STEEPWATER AS A SOURC^E OF INOSITOL 

Because of the relatively high concentration of contained phytate and 
the large volume of raw' material available, corn steepwater has proved to 
be a highly satisfactory source of inositol. At least two cornmercialj pro- 
ducers of inositol are known to have developed pro(*esses utilizing\corn 
steepwater as a basis for the isolation of the natural vitamin. \ 

Steepwater is obtained during the process for the industrial wet-miljing 
of corn. Shelled corn entering the wet-milling plant is first soaked \\\ a 
warm, dilute, aqueous sulfur dioxide solution. This operation softens the 
kernel and facilitates the subsequent separation of hull and fiber, germ, 
gluten, and starch. The presence of sulfur dioxide in the steepwater inhibit-s 
the action of microorganisms on the grain, and the li(]uid medium com- 
pletes the cleansing of the kernels bcifore milling. Most important, the 
effect of the steeping process is to remove the water-soluble and acid- 
soluble substances present in corn, phytates being included in this category. 
Soluble protein, sugars, gums, and similar organic (U)mpounds, as well as 
inorganic substances, are present in the steepwater along with ))hytate. 

In the form of phytic acid and its salts, inositol ordinarily constitutes 
approximately 2% of the steepwater total solids. Precipitation of the 
phytate in steepwater, hydrolysis of the phytate, and isolation of inositol 
from the hydrolyzate are the steps involved in current industrial processes 
for the preparation of inositol. 

C. PRECIPITATION OF PHYTATE FROM CORN STEEPWATER 

The phytate in steepwater is effectively separated by the addition of a 
slurry of slaked lime which rea(;ts with the soluble phyt.atc present in the 
steepwater to precipitate an insoluble phytate salt. Steepw^ater itself (con- 
tains calcium, magnesium, iron, sodium, and potassium; cons(iquently 
free phytic acid as such undoubtedly is not present in steepw^ater. Rather, 
it appears probable that the phytate is present as soluble partial salts of 
calcium, magnesium, iron, sodium, and potassium. Thus, the phytate 
product precipitated from com steepw'ater by the addition of lime is not 
a pure calcium salt of phytic acid but is a mixed salt wdiich contains other 
metal ions present in steepwater, as w^ell as some protein. 

In the precipitation step,^' lime is usually added until the steepwater is 
brought to a pTI of 5 to 7. The resultant heavy slurry is then filtered, and 

• F. A. Hoglan and E. Bartow, Ind, Eng. Chem. 31, 749 (1939). 



TTI. INDUSTRIAL PREPARATION 


341 


the filter cake is washed thoroughly with water to remove retained steep- 
water. The crude product, essentially a mixed calcium-magnesium salt of 
phytic acid which (contains the impurities mentioned, has often been refer- 
red to in the literature as “phytin’’ or as “calcium phytate.’’ This product 
may be dried by conventional procedures or may bo used directly for 
hydrolysis to inositol. 

Various procedures also may be ('raployed to improve the (quality of 
crude phytate obtained from steepwater. Vse of so-(*alled “liglit steep- 
water” for precipitation oi the phytate, purification of the crude phytate 
by troatmcnit. with alkali, and other modif legations may help to reduce the 
nitrogen content ,of the (Tude phytate and give a better raw material for 
hydrolysi|?.sto inositol.®* 

D. HYDROLYSIS OF PHYTATE TO INOSITOL 

Inositol has been obtained from steepwater phytate by hydrolysis under 
a variety of conditions.^-^® Temperature, pressure, pH, and time of hy- 
drolysis are varia})les whicli have been considered. Temperatures employed 
ha\’e ranged from approximately 100° to 200°, pressures from atmospheric 
to mild autoclaving conditions, and the medium for hydrolysis from a 25 % 
calchim hydroxide slurry to a (>0% sulfuric acid solution. The time re- 
quired for (jompletion of hydrolysis h{is usually been several hours. 

According to Bartow and Walker^ ijiositol can lx? obtained conveniently 
by heating phytate under pressure with either water or acid. The quality 
of the phytate used and the nature of the impurities present during hy- 
drolysis appear to have as much influence on the yield of inositol as does 
any other factor, including the nature of the conditions chosen for hy- 
drolysis. Thv. calculated yield of inositol based on pure dry calcium phytate 
is 20.27 %, but the yields of inositol reported to b(» obtained from steepw^ator 
phytate have generally been in the range of 7 to 12%. 

E. ISOLATION OF INOSITOL FROM HYDROLYZATE 

Hydrolysis of phytate produ(H»s 6 moles of inorganic, phosphate for each 
mole of inositol. The inorganic phosphate produced by hydrolysis of phytate 
may be removed by filtration if the hydrolyzate is first adjusted to a pH 
that is slightly alkaline. 

The phospliate filter cake is washed with hot water to remove dissolved 
and adsorbed inositol, and the wash filtrate is combined with the original 
filtrate. The combined filtrate, a crude aqueous solution of inositol, may be 

® F. A. Hoglan and K. Bartow, J . Am. Chem. Soc. 62, 2397 (1940). 

’ Corn Products Refining *Co., Brit. Pat. 601,273 (May 3, 1948). 

* E. Bartow and W. W. Walker, hid. Eny. Chem. 30 , 300 (1938). 

® E. Bartow and W. W. Walker, U. S. Pat. 2,112,553 (March 29, 1938). 

E, Elkin and C. M. Meadows, U. S. Pat. 2,414,365 (January 14, 1947). 
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decolorized with bone black or activated carbon, filtered to remove carbon, 
and concentrated by vacuum-pan evaporation. 

Crystallization of inositol from the mother liquor is generally accom- 
plished by gradual cooling to as low a temperature as practical with con- 
tinuous, moderate agitation. Crystals are separated from the mother 
liquor by centrifugation and are then further washed and dried. Several 
crops of crystals may be recovered by concentration of the mother liquor 
and a repetition of the crystallization process. 

The inositol obtained in this manner is an anhydrous, colorless, cr3|stal- 
line material having a melting point of approximately 225°, which is (Char- 
acteristic of the pure myo isomer. 


IV. Biochemical Systems 


HENRY A. LARDY 

The widespread occurrence and relatively great abundance of myo- 
inositol make this compound unique among the vitamins in that it may 
act both catalytically, like the other vitamins, and as an energy-yielding 
foodstuff or metabolite. These two aspects of the biochemical systems in 
which wi/o-inositol participates will therefore be discussed separately. 

A. BIOCATALYTIC FUNCTIONS OF AfFO-INOSITOL 

mj^o-Inositol is an essential nutrient for several strains of yeast, for 
fungi,** ® for a mutant of Neurospora crassa,^ and for mice,^* * rats,® cotton 
rats,^®’ “ hamsters,^® and chicks'® under certain deitary regimens. In spite 
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» L. Atkin, A. S. Schultz, W. L. Williams, and C. N. Frey, Ind. Eng. Chmn. Anal. Ed. 
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(1942). 

* G. W. Beadle, J. Biol. Chem. 166, 683 (1944). 
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of the great variety of organisms which require inositol, virtually notiiiixig 
is known of the function of the vitamin in terms of enzymes or coenzymes. 
Since animals probably can synthesize m?/o-inositol (see Section VI), it 
has been assumed that the dietary requirement of this compound reflects 
a requirement of the intestinal flora. Woolley found that feeding panto- 
thenic acid benefited mice deficient in inositol. Wliite rats do not require 
mt/o-iiiositol when fed purified diets, but Cunha ct aU found that rats 
on diets containing soybean meal showed poor growth and hair loss. These 
symptoms lessened after feeding of inositol. The fact that biotin or the 
sulfur-containing amino acids can prevent the deficiency symptoms^^ lends 
support to the hypothesis that the beneficial effect of inositol is indirect 
and is probably exerted through intestinal microorganisms. 

1. Studies with Inhibitory Analogs 

The possibility that the insecticide, hexachlorocyclohexane, exerts its 
physiological action by antagonizing a normal function of mt/o-inositol 
was first suggested by Slade.'^ Evidence tending to support this possibility 
has been obtained with several inositol-requiring microorganisms.^®"®^ For 
example, Kirkwood and Phillips^® found the y isomer of hexachlorocyclo- 
hexane to inhibit growth of an inositol-requiring strain of Saccharomyces 
cerevisiae. The inhibitory effect was competitively, but incompletely, re- 
versed by m?/o-inositol. The 5, a, and isomers, in decreasing order, were 
not as strongly inhibitory as the y isomer, and their effects were not in- 
fluenced by increasing concentrations of rw7/o-inositol. The relatively low 
inhibition index,®® indicating a close similarity of structure between the 
inhibitor and metabolite, was taken by Kirkwood and Phillips^® to indicate 
that the y isomer of hexachlorocyclohexane had the same configuration as 
m/yo-inositol. Bijvoet®* and coworkers®^ as well as Blekkingh®^ conclude from 
physical measurements that the y isomer does not have the configuration 
of m 2 /o-inositol but appears to have that of wz^co-inositol. Dissimilarity of 
configuration between the y isomer and m?/o-inositol introduces complica- 
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tions of Interpretation but should not lessen interest in the biological (^om- 
Iietition between these two oompounds. 

Several workers have been unable to demonstrate a competitive rela- 
tionship between w^o-inositol and ^-hexachlonx^yclohexano.^®*^^ However, 
the negative results have, for the most part , b(»en obtained with strains of 
microorganisms which do not re(|uire preformed myye-inositol. From the 
results of Kirkwood and Phillii)s,^® Schopfer ct and F\iller el alP it 
appears that the competitive relationship is demonstrable only in organisms 
which are nutritionally dependent upon ??z//o-inositol and that there is a 
second, non-specific, inhibitor^^ effect of hexachlormwclohexanes which is 
not influenced by wi?/o-inositol . 

7 ?i?yo-Iiiositol has also l)een n^ported by Chargaff and coworkers^^ t.o 
counteract the arrest of nuclear division and the tumor formation induced 
in onion root tips by (‘ither colchicine or 7 -hexa(*hlorocyclohoxane. n-In- 
ositol and sorbitol were ineffective. The effef‘t of w//o-inositol has l)een 
confirmed,'^^’ although a number of sugars were found to have similar 
activity Other workers-^- • were tniable to (*onfirm the competitive 
relationship between w?yo-inosito! and colchicine in onion root cells. How- 
ever, a more detailed study of this effect in fibroblast cultures from areolar 
tissue of the adult rat has again shown myyo-inositol to ex(n*t a distinct 
inhibition of the effect of colchicine on mitosis.**’^" Other compounds which 
were found not to influence the effect of colcliicine were D-inositol, jriyo- 
inosose-2,DL-cpMnosose-2,'^‘^ sorbitol, ribose, sucrose, and glucose. 

In higher animals the toxic effects of 7 -hexachloro(‘yclohexane appear 
not to be counteracted by my/o-inositol.^^’^^ The convulsive effects of 7 -hex- 
achlorocyclohexane appear to be j)revented by previous administration 
of the or 5 isomers.^^ Another interesting finding is that the 5 isomer 
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C. Fromageot and M. Confino, Hiochim. et liiophys. Acta 2 , 142 (1948). 

** P. Chaix, Bull. soc. chim. hiol. 30, 835 (1948). 

2 * E. Chargaff, R. N. Stewart, and H. Magasantk, Scicnca 108, 556 (1948). 

*0 F. D»Amato, Carylogia 1, 223 (1949) [(\ A, 43, 9170 (1949)]. 

F. D’Amato, Carylogia 1, 3.58 (1949) [C. A. 44, 4089 (1950)]. 

3*G. Deysson and M. Deysson, Bull. soc. chim. blol. 32, 276 (1950) [('. .4. 44, 10052 
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S. Carpentier and C. Fromageot, Biochim. el Biophys. Acta 6, 290 (1950). 

*** M. R. Murray, H. H. de Lam, and E. Chargaff, Exptl. Cell Jieaearch 2, 165 (1951). 

For clarification of the nomenclature of these inositol derivatives, see Section I 

of this chapter, 
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(which probably has the configuration of m7/o-inositol®®) stimulates the 
respiration of rat brain homogenates.'*^* The hexamethyl ether of myo- 
inositol produces convulsions in rabbits similar to those produced by 
7-hexachlorocyclohexane; however, the eth(;r is only 1 /lOO as active as the 
chlorine-(5ontaining analog.^* 

Several workers^^’^® (?onsid('r it likely that the biological antagonism 
between hexachloroxycyclohexane and 7/i?yo-inositc)l is actually exerted be- 
tween the former and a bound or complex form of the latter. Since the 
hexacJdorocyolohexanes an* much more soluble in fat solvents than in 
aqueous systems, it is possible that they exert their effect on systems re- 
acting with phospholi])ids containing W2/yo-inositol. 

Some years ago Williams and cowwkers^'^ found relatively high concen- 
trations (0.4 %) of inositol in a partially purified preparation of a-amylaso 
from pancreas. This led l.ane and AVilliams^® to test the effect of 7-hexa- 
ohlorocyclohexane on the catalytic activity of the enzyme. Their report 
that the chlorine-containing analog inhibited the enzyme and that myo- 
inosit.ol competitively reversed the inhibition could not be confirmed by 
two groups'*^ who used the more imrified and cr>\stalline enizyme. 

2. liouND Forms of 7r//o-Inositol 

Although th(*re are appreciable (luantities of free myo-inosito\ in many 
biological materials, by far the greater part of this substance exists in 
vari(»us (*omplex forms. "J'he more common materials with wiiich it com- 
bines include phosphate*, j)roteins, fatty acids, glycerol, and galactose. 
Although tliese complex compounds may be considered “structural ma- 
teriaF^ of the cell, they may be expected to have specific biocatalytic 
functions as well. 


tt. InositoUContaming Phospholipids 

Tlie phosphatides of the tubercle bacillus,^*® ' the soybean,4«* ^9 cotton 
seed,^<* and brain and liver^^ tissue contain inositol. Inositol mono- 
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phosphate has been isolated as an hydrolysis product of the phosphatides 
from the tubercle bacillus^^ arid from soybean.^® However, inositol diphos- 
phate was obtained by Folch®^ from brain phosphatide. Periodate oxidation 
demonstrated that the phosphate groups were in meta position to one an- 
other. The brain phosphatide contains, in addition to inositol diphosphate, 
an equimolar proportion of fatty acid (of rather high ecjuivalent weight) 
and glycerol. Soybean “lipositor’^® was found to contain mjyo-inositol, 
galactose, oleic acid, a mixture of three saturated fatty acids — cerebronic, 
palmitic, and stearic — ^phosphoric acid, L(+)-tartaric acid, and smaller 
quantities of ethanolamine. Folch*^® has obtained from a purified soybean 
phosphatide: inositol 2 (moles), carbohydrate (as galactose) 2, phosphoric 
acid 2, glycerol 2, fatty acids 3, and amine 1. \ 

Claude^* has found that inositol is present in relatively high concehtra- 
tion in the mitochondria and submicroscopic particles (microsomes) of 
the liver cell. Approximately 40 to 45 % of the dry weight of the microsomes 
is lipid material, and 2% of this is inositol. Claude calculates that, if all 
the inositol were bound as “lipositol,^’ this component would (tomprise 
more than one-fourth of the total lipid and almost one-half of the j)hos- 
pholipid. 

6. Phytic Acid 

In plant materials, and especially in the seeds of the grasses, a major 
part of the inositol is present as the hexaphosphoric ester.^^"*^^ This com- 
pound is called phytic acid, and its mixed calcium and magnesium salt is 
called phytin. The phytic acid of corn is the source of commercial inositol 
(Section III). Several possible formulas have Ix^en proposed for phytin or 
phytic acid, including those in which adjacent phosphoric groups may 
combine to form pyrophosphate linkages or in which hydroxyphosphoric 
acid groups may be present. 

Although a specific biological function for this compound has not been 
established, it is known to act as a reservoir of phosphate which becomes 
available to the young plant at germination. Complexes l>etween phytic 
acid and animal or plant proteins have been obtained by a number of 
workers. However, it appears likely that these kre merely non-specific 
combinations, for the phytic acid may be separated by dialysis.®® 

« J. Folch and D. W. Woolley, J. Biol. Chem. 142, 963 (1942). 
w J. Folch, J. Biol. Chem. 177, 505 (1949). 
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Phytin occurs also in animal tissues, for example, in the nucleated eryth- 
roc3rtes of the chicken and turtle.®^ 

3. Lipotropic Effect of Inositol 

There are a number of dietary variables which can lead to deposition of 
unusually large amounts of lipid in the liver. Certain nutrients favor this 
deposition, whereas others (lipotropic agents®^) favor mobilization of the 
lipids and a return to the normal fat content of the liver. Choline*® and 
other biological methyl donors are particularly well known as dietary 
lipotropic agents, but inositol is also effective under cert.ain conditions in 
both experimental animals®^-®® and human subjects.®^ • ®® The effect of 
inositol is apparent even with diets containing an adequate supply of 
methyl group donors. ®2* ®® Although relatively little is known concerning 
the mode of action of lipotropic agents, at least two of them — choline and' 
inositol — are essential constituents of phospholipids, and it seems likely 
that their effectiveness in reducing liver fat may be a reflection of that 
fact. Since all other vitamins eventually become structural units of proto- 
plasm too, it seems arbitrary to separate the lipotropic activities of choline 
and inositol from their respe(;tive *‘vitamin^^ activities.®* 


B. METABOLISM OF INOSITOL 
1. In Bacteria 


Although the pathAvays of inositol metabolism in bacteria are better 
understood than those in animal tissues, knowledge in this field is still in a 
relatively primitive state. 

The oxidation of m/yo-inositol®’' to yield 7n?/o-inosose-2** can serve as the 
major source of energy for the groAAi;h of Acetohdcter suboxydans. The oxida- 
tion system is not specific for mi/o-inositol ; other polyhydric cyclohexanes 
having polar hydroxyl groups are also attacked.*® Polar hydroxyl groups 
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are those oriented at approximately right angles to the thick plane of car- 
bon atoms in the “chair” conformation of tlie cyclohexane ring. Equatorial 
hydroxyl groups, i.e., those extending the thick plane formed by the (?arbon 
atoms, are not oxidized by this organism. Franzl and ChargatT^'’ have 
obtained cell-free enzyme preparations from A . mboxydaiis whi4h oxidize 
niijo-mosiio\ and other inositols in tlie same maniuT as do the wiole cells. 
The enzyme is pres(Mit in ):>articulate material which is sedimented by 
20,000f/ for 2 hours but which remains in the supernatant fhiid after 
centrifugation at 200()</ for 30 minut(‘s. A heat -si able cofac^t or, obtained 
from whole cells, accelerat(‘s the oxidation of 7///yo-inositol by the enzyme* 
but is not re(iuir(*d for the oxidation of glu(*ose. This factor may be replaced 
in part by Ca'^ or 'rhe cell-free preparations did not oxidize* sorbitol, 

which would seem to indi(*ate that separate enzym(*s are involved in the 
oxidation of polyhydrie* alcohols and cyclitols, respe(*ti\'ely, by this 
organism. 

AerohacUr aerogcncH may be grown under aerobie* (*(»nditions with mffo- 
inositol as the sole suur<*e of carbon. Magasanik'- has ol)tained consider- 
able information about the pathway of inositol (legra<lation by this 
organism. Cells grown on m/yo-inositol under a.(‘robi(* conditions ferment(‘»l 
mT/o-inositol to yield 0.08 mole of C'Ois 0.72 mole of (‘thanol, and 1.54 
equivalents of an unknown acid. Experiments with inhibitors led to the 
conclusion that glucose was not an intermediate. 2-Keto-w/yo-inositol and 
L-1 , 2 -diketo-m 2 /o-inositol were fermented by these cells two to three times 
more rapidly than m?/o-inositol. L-l-Keto-w/yo-ino.‘^itf)l was also ff?rmented, 
but no more rapidly than myo-inositol. The following metal)olic pathway 
was proposed by Magasanik. 
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It IS to expected that more work of this nature with bacterial prepara- 
tions mil help ducidate the pathway by which animals metabolize myo- 
inositol. It is already apparent that,, if the pathway in animal tissues is 
similar to that shown above, the formation of pyruvate or lactate would 
be an adequate explanation of the antiketogenic (;fTect of inositol and of 
the conversion of stably bound deuterium in inositol to stably bound 
deuterium in urinary glucose Csec* l)(>low). 



Hours after closing 

1. IImIc of inositol alisorption in fasted rats.*^® 

2. In Animals 

a. AbsorptioiL ' 

y«;(/o-Inosit{)l is absorbed from the digestive tracd- of animals but at a 
relatively slow rate (*ompared with glucose. Figure 1 (from Wiebelhaus 
H alP) shows the rate of absorjition of approximately 280-mg. doses of 
m//o-inositol administered by stomach tube to rats of approximately 200-g. 
body weight. The rate of absorption was measured by (piantitative deter- 
minations® of the inositol remaining in the gastrointestinal tract. A com- 
parison of the assay values for the hydrolyzed and unhydrolyzed samples 
indicated that no conversion of administered inositol to a bound form had 
occurred in the inl-estine. However, about one-half of the 8 to 12 mg. of 
inositol present in the tract of fasted animals (or of the experimental ani- 

li. K. Fraiizl and K. CharpafT, Federal ion Proc. 9, 173 (1950). 

11. K. Franzl and K. Chargaff, Nature 168, 955 (1951). 
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mals after absorption of the test dose was complete) was in a form not 
available to the strain of yeast used in these assays. 

The urinary excretion of inositol varied from 3 to 5 mg. per rat for a 
24-hour period and was not significantly greater for the rats which had 
received from 260 to 335 mg. of inositol per os than for the fasted control 
rats. The limit of accuracy of the inositol assay permits the conclusion 
that urinary excretion accounted for less than 1 % of the administered 
inositol. 

The absorption of inositol monophosphate was also studied.^® Fr<>m 150 
to 200 mg. of the monophosphate isolated from soybean lipositol was 
administered to 200-g. rats. The rate of absorption appeared to be\more 
rapid than for inositol, especially during the first 2 hours. Approxin^tely 
80 % of the dose was absorbed in from 1 to 2 hours, and complete absorption 
occurred in rats killed at 12 and 24 hours. In all animals killed later than 
2 hours after administering inositol monophosphate, almost all the inositol 
in the intestinal contents was found to be in a form available to the assay 
organism. Since the original isolated inositol monophosphate gave a growth 
response equivalent to only 8 to 15 % of its contained inositol, it appeared 
that the phosphoric ester was rapidly hydrolyzed in the intestine. The 
initial rapid disappearance of inositol might indicat/C an extremely rapid 
absorption of the inositol monophosphate per sc, with subsequent slow 
absorption of the free inositol which was presumably liberated by intestinal 
phosphatases. 

Other bound forms of mi/o-inositol are also apparently readily hydrolyzed 
in the intestinal tract of animals. For example, phytin can supply both the 
inosito^^ and inorganic phosphate requirements of rodents. Soybean ce- 
phalin and even synthetic inositol hexaacetate can replace dietary inositol 
for the mouse, indicating that they are cleaved to free inositol.’* 

Intraperitoneally administered m//o-inositol appears to be absorbetl, 
since it is as effective in depressing ketone body excretion in fasted rats 
as is the orally administered compound.’® 

b. Catabolism 

Inositols are isomeric with the common 6-carbon sugars, and perhaps 
for this reason the possible conversion of mjyo-inositol to carbohydrate or 
carbohydrate breakdown products in animal tissues has been studied by 
many investigators. Although earlier results were inconclusive, it is now 
certain that inositol is metabolized, at least in part, like carbohydrate. 
Stetten and Stetten’* fed deuterium-labeled myo-inositol to a phlorhizin- 
ized rat and found that at least 7 % of the dose fed appeared in urinary 

« D. W. Woolley, J. Biol. Chem. 140 , 461 (1941). 

M. E. Stetten and D. W. Stetten, Jr., J. Biol, Chem. 164 , 85 (1946). 
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glucose. The slow rate of absorption of m^/o-inositol apparently precludes 
the formation of any significant amount of liver glycogen when this com- 
pound is fed to fasted rats.’’^® However, m?/o-inositol given either orally or 
intraperitoneally does depress urinary ketone body excretion. This provides 
additional evidence that mi/o-inositol is metabolized to carbohydrate or to 
intermediates which are common to carbohydrate metabolic pathways. 
Virtually nothing is known about the pathways by which the inositol 
molecule is cleaved and converted to the carbohydrate-like products in 
animal tissues. 


V. Specificity of Action 

ARTHUR H. LIVERMORE 

There are nine theoretically possible isomers of inositol, differing only 
in the steric arrangements of their hydroxyl groups. Determining the 
specific steric configuration which is essential for vitamin activity in a 
particular organism be(?omes, then, simply a matter of testing the 
available isomers of inositol on the organism in question. Only seven of the 
nine possible isomers are known, but of those tested only one, myo-inositol, 
has vitamin activity for all the inositol-requiring organisms which have 
been found up to the present time. There are some organisms for which 
mT/o-inositul is the only isomer which serves as a vitamin, and other organ- 
isms for which other isomers have slight vitamin activity. 

The vitamin activity of rwt/o-inositol for yeast was first demonstrated 
in 1928 by Eastcott,^ and for mice in 1940 by Woolley Following this, 
Woolley determined the comparative vitamin activities of various inositols 
and inositol derivatives for mice and yeast. The results of this investiga- 
tion are summarized in Table IV.^ Alopecia in mice was cured not only by 
m2/o-inositol but also by phytin, the hexaphosphate of mt/o-inositol, and 
by mytilitol, which has since been sho^vm to be C-methylscyllitol.^ Other 
inositol isomers were completely inactive for mice. The yeast Saccharo- 
myces cerevisiaey on the other hand, utilized the mono- and tetraphosphate 
esters to a small extent only and did not utilize phytin at all. Mytilitol 
was much less effective as a growth stunulant than was int/o-inositol. As in 
mice, the other isomers of inositol which were tested had no vitamin 
activity. 

* E. V. Eastcott, Phys. Chem. 82, 1094 (1928). 

*D. W. Woolley, Science 92, 384 (1940). 

* D. W. Woolley, J, Biol Chem. 140, 461 (1941). 

*T, Posternak, Bull. soc. chim. biol, 83, 1041 (1951). 
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More recent work with other organisms has demonstrated that L-inositol 
has some vitamin activity for Eremothecium ashbyii and for tlie inositol- 
less mutant of Neurospora crassOy but that D-inositol is completely inactive 
for these organisms.* Two other isomers, cp/-inositol and scyllitol, were 
also tested and found to have some vitamin ac^tivity for the former but not 
for the latter organism. For Ercmothecium anhbijii w//r>-inositol monophos- 
phate has from 50 to 100% of the activity of the free form;* for Ncvrospora 
crassa, the ester has little or no activity.*’^ For another organism, Rhizopua 
Cohnii^' ® /n?/o-inositol was the most activ^e isomer, but mytilitol, isomytili- 


TABLE IV 


Activity op Compounds Related to Inositol 

Foit Mice and 

FOR YliA.ST“ 



Clrowth effert 


Curative 

on yeast as 

Compound 

c^ei t on 

compared to 

mice 

inositol, 

7a2/<>-InositoI 

4- 

100 

Phytiii 

4- 

1 

Sodium ph.ytatc 


1 

L-Inositol 


1 

D-Inositol 

— 

1 

Queroitol 

... 

1 

Quehrachitol (moiiomnthyl ethpr of L-inositol) 

... 

1 

Pinitol (moriomethyl ethor of i>-inositol) 

.... 

1 

Mytilitol (monoinethyl ether of -inositol) 

4 

10 

Quiiiic acid (letrahydroxyhexahydrohenzoie acid) 


1 

Soybean cephelin 

4 

1 

m?/o-Inositol hexaaectatc 

+ 

1 

wi/o-Inosito] monophosphate 


5 

wyo-Inositol tetraphosphate 


2 

Inosose 


1 


“ Hanson No. 1 strain of Toioiito yeu^t (Sacrharomyres cereHKrne). 


tol, hydroxyisomytilitol, and cp/-iuositol also had som(^ jK^tivity. nitio- 
Inositol monophosphate was also quite well utilized by tliis organism. 

The reversal of the inhibitory acticMi of inalormtc* on Clo,siriilium sao 
charohuiyricum by .70-inositol has l)een shown to be ((uite sp(*cific.*” The 
D and L isomers did not reverse the inhibition. 

It has teen suggested® that, for certain microorganisms at least, three' 

®P. Chaix, Hull. me. chim. Idol. 30, 8^15 (194S). 

« B. M. Isoliii, J. Avi. Chern. Soc. 71, 3822 (1949;. 
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adjacent c?s-hydroxyl gi-oups, as in wiyo-inositol, are essential for activity. 
Ihe activity for some organisms of scyllitol and mytilitoi (C-methylscyl- 
litol), wliich have no m-hydroxyl gronjis, and L-inositol, which has two 
pairs of c?s-hydroxyl groups, one on cacih side of the ring, indicates that the 
three adjacent rjs-hydroxyls are not always essential. 

A different kind of specificity is suggested by the work of Magasanik 
and Chaigaff** on fhe o.xidation of inositol isomers by Acetolnicter suboxy~ 
dans. Ihis oigauism, which can oxidiue inositol to a cyclic ketone, shows a 



TABI.K V 

OxiD.vriON OK Inositol hy Anto}nfclvr fiHboxydonfi 


Inositol isomer 

Number of 
o.xyKen atom*< 
u-oeil jier mole 
of inositol 

Position of on 

KqUiituriai 

groups in this isomer 

North South 

Positions of 
OH proup(s) 
oxidized 

Inositol 

1 

1, 4, 5, G 

2 


2 

L- Inositol 

2 

2, 3, 4, 5 

1 

6 

3,6 

i> “Inositol 

2 

U 4, 5, 6 

2 

3 

2,3 

Scyllitol 

0 

1, 2, 3, 1, 5, G 

__ 

- - 

— 

c/)7 -Inositol 

1 

1, 3, 5, G 

2,4 

__ 

2 

i>-Qucrcitol 

2 

1, 5, G 

2 

3 

(Not deter- 
mined) 


vc*ry interobtiiTji; eiizyino s])c(‘ifi(*ity for inositol isonriors. In the isomers 
Avhi<*h were oxidized by fins organism, either one or two hydroxyl groups 
in the molecule were oxidiz(*<l depending upon the inositol isomer tested. 
I'o explain this specificity Magasanik and Chargaff^^ made two assump- 
tions: first, that the ino.sitols (>xist chiefly in the “chair” form, as cyclo- 
hexane does; and, second, that the most stable configuration of an inositol 
molecule has the maximum possible number of hydroxyl groups in the 
equatorial plane (po.si(.ions marked “Eq.” in Fig. 2) and the minimum num- 
ber of hydroxyl groujis in (he pole regions (positions marked N and S 

ill Fig. 2). The results of these ex|)eriments are summarized in Table V.“ 
** B. Magasanik and K. Chargaff, J- Biol. Chem. 174, 173 (1948). 
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It will be noted that in every case it was the *^pole’' hydroxyl groups which 
were oxidized by Acetobacter suboxydans. Another organism, Aerobacter 
aerogenes, has also been found to oxidize the polar hydroxyl group of myo- 
inositol. It has not yet been determined whether the relationship between 
the polar and the equatorial groups is also a factor in the vitamin activity 
of inositol for various organisms. 


VI. Biogenesis 

ARTHUR H. LIVERMORE 

That plant tissues can synthesize inositol is evident; that animal tissues 
can do so has not yet been established. Increases in the inositol content of 
animal tissues may represent synthesis by intestinal flora rather than 
synthesis by the animal body itself. Increases in the inositol content of 
plant tissues, on the other hand, can be accounted for only by synthesis 
in the plant tissues. The mechanism of this synthesis has not yet been 
demonstrated, but present evidence implicates the sugars, and particularly 
glucose, as the precursors of inositol. Fischer^ has suggested that 

... it could be deduced from chemical evidence . . . that inositol i.s most likely an 
intermediate between carbohydrates and aromatic substances; moreover it very 
likely serves as a reserve carbohydrate, storing away glucose in a form which could 
be easily mobilized. Finally, there is the speculative possibility that inositol could 
act as an intermediate enabling the easy transformation of one hexose into another. 

Fischer also presented chemical evidence to support his suggestion that 
inositol may be synthesized from glucose in biological tissues. 

A. INOSITOL SYNTHESIS BY MICROORGANISMS 

The presence of inositol in the phosphatides of the tubercle bacillus was 
first reported in 1930.® The ability of two strains of this bacillus to synthe- 
size inositol* indicates that the tubercle bacillus need not be dependent upon 
the host for a supply of this vitamin. The synthesis of inositol by other 
bacteria, grown in vitamin-free media, has also been demonstrated.^* ^ 
The junounts synthesized were indicated by the observation^ that various 

B. Magasanik, /. Am, Chem, Soc, 78, 6919 (1961). 

' H. O. L. Fischer, Harvey Lectures 40, 166 (1946). 

* R. J. Anderson and E. G. Roberts, J, Biol, Chem. 89, 699, 611 (1930). 

» H. Pope and D. T. Smith, Am. Rev. Tuberc. 64 , 660 (1946) [C. A, 42 , 3017 (1948)1. 

* R. C. Thompson, Univ. Texas Puhl, 4287 , 87 (1942). 

* L. W. Jones and J. E. Greaves, Soil Sci. 66. 393 (1943) [C. A. Sfl, 6300 (1943)]. 
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types of bacteria grown in an inositol-free medium for 24 hours contained 
from 870 y {Clostridium butylicum) to 1700 7 {Pseudomonas fiiwrescens) of 
inositol per gram of dry cells. 

The ability of various yeasts to synthesize inositol can be modified by 
various procedures. It has been shown,® for example, that Saccharomyces 
cerevisiae can be (jonverted from a heierotrophic to an autotrophic habit by 
successive changes in the medium. If inhibitors are included in the medium^ 
or if the cells are damaged by ultraviolet light,® the ability of the yeast to 
synthesize inositol is also changed. Torulopsis utilis has been shown* to 
synthesize less inositol in an iron-deficient medium than in one containing 
an adequate amount (0.1 to 3 p.p.m.) of iron. 

The suggestion'* that Aerobacter aerogenes catabolizes mi/o-inositol to 
C 02 , acetate, and pyruvate through the intermediate formation of 2 -keto- 
and 1 , 2 -diketo-m 2 /o-inositol, leads one to speculate on the possibility that 
these metabolic products might in turn be precursors of inositol in this 
organism. There is as yet no experimental evidence for this speculation. 

B. INOSITOL SYNTHESIS BY HIGHER PLANTS 


A number of studies of the changes in the inositol content of seeds, leaves, 
and fruits have been made. Although the total inositol content of plants 
increases during growth, the concentration in the plant tissues may de- 
crease, For example, it was shown" that there was a higher concentration 
of inositol in the growing tips of cucurbit and tomato plants than in the 
mature leaves. In addition it was found'*^ that the inositol concentration 
in the fruits of these plants remained relatively constant or decreased 
slightly during development. 

The possibility that inositol is synthesized from glucose and glucose 
derivatives in plants was strengthened somewhat by the observation'® 
that the leaves of the rubber plant, Lactuca virosa L., yielded an aqueous 
extract which, when incubated with glucose for 3 days, gave rise to a sub- 
stance which appeared to 1)6 inositol. It has also been reported'^ that apricot 
leaves produced inositol when incubated with glucose and glucose phos- 
phates. 


« L. H. Leonian and V. G. Lilly, Sciewe 95, 658 (1942). 

^ M. A. Eppright and R. J. Williams, J. Gen. Physiol. 80, 61 (1946). 

® A. M. Webb and J. R. Loofbourow, Biochem. J. (London) 41, 114 (1947). 

• J. C. Lewis, Arch. Biochem. 4, 217 (1944). 

B. Magasanik, J. Am. Chem. Soc. 73, 5919 (1951). 

" C. L. Withner, Am. J. Botany 313, 355 (1949). 

" C. L. Withner, Am. J. Botany 36, 517 (1949). 

" 0. Fernandez, G. Izquierdo, and E, Martinez, Farm, nueva (Madrid') ^ WAA) 
10. A. 40 , 4115 (1946)1. 

" 0. Fernandez, M. de Mingo, and E. Martinez, Farm, nueva {Madrid) 10, 541 (1945) 
fO. A. 48 , 4229 (1949)]. 
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When fresh tea leaves were stored in the dark for 20 hours, the glucose 
and sucrose contents decreased and the inositol (content increascd.^^ In- 
filtration of the leaves with glucose, fructose, suiTose, and mannose as 
well as other glucosides also increased the inositol content of the leaves, 
the glucosides being more ('fTec^tive than the free glucose.’® ■ Glucose-1- 
phosphate likewise resulted in a more rapid synthesis of inositol than did 
free glucose.’* All tfiis work suggests, but in no way proves, that inositol 
is synthesized from sugars in these plants. , 

The observation that the phloroglucinol content of tea leaves increased 
during the infiltration of the leaves with sugar solutions was interpmted to 
mean that r/?///;-inositol is a precursor of this aromatic compoimdlin the 
tea leaves. 'J'his is in agreement, with Fischer’s sugge'stion’ that inositol 
is an intermediate between the sugars and aromatic sul)staii(‘es. Apparently, 
in the tea leaves the reverses rca(‘tion — conversion of phloroglucinol to 
inositol — does not take place, for infiltration of the leaves with phloro- 
glucinol did not in(!rease their inositol content.”^ 

The possible inter(*onversion of inositol and ascorbic acid has been sug- 
gested,’’’ following the observations that these are the only two vitamins 
present in significant amounts in citrus fruits. No experimental evidence 
for such a conversion has yet been presented. 

C. INOSITOL SYNTHESIS BY ANIMALS 

Rosenberger,“‘’ in 1908, found that he could isolate inositol from rabbits 
which had been allowed to stand for several days after being killed, al- 
though he was unable to find inositol in freshly killed rabbits. He also 
stated that ho found an increase in the inositol content of beef muscle on 
standing and postulated the preseiK^e in muscle of an “inositogenic sub- 
stance.” Winter-’ likewise reported an increase in the inositol content of 
dog heart muscle on standing. Since both invest.igators used an alkaline 
hydrolysis to liberate inositol, some doubt is cast on these observations, for 
it is now known that inositol is somewhat alkali-labile. 

Woolley-’* found that young mice whidi were fed on an inositol -defi(*ient 

**A. L. Kursanov, N. N. Kryukova, and K. VyHkrcbrritseva, liiokhiniiifa 13, 5IJ0 

(1948) [r. A. 43. 3070 (1949)1. 

“A. L. Kursanov, M, Vorobyeva, and E. Vyskrebentseva, Doklady Akad. Nnuk. 

5.5.5. R. 68, 737 (1949) [C. A. 44, 1568 (1950)]. 

A. L. Kursanov, Izvest. Akad. Nauk. S.S.S.R. ^ Ser. Biol. 2, 44 (1951) [(^. A. 46, 

7644 (1951)1. 

A. L. Kursanov, E. V 3 ' 8 krebent 8 eva, and M. Vorob’eva, Doklady Akad. Nauk. 

8.5.5. R. 68. 893 (1949) [C. A. 44, 1172 (1950)J. 

W. A. Krehl and G. U. Cowgill, Food Research 16, 179 (1950). 

F. Kosenberger, Z. Physiol. Chem. 66, 373 (1908). 

L. B. Winter, Biochem. J. (London) 28, 6 (1934). 

« B. W. Woolley, J. Expil. Med. 76. 277 (1942). 
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diet for 4 weeks after weaning showed an increase in the inositol content 
of their tissues from a total of 3.4 mg. at weaning to 8.0 mg. after 4 weeks 
on the experimental diet. However, when the experimental diet was de- 
ficient in pantothenic acid as well as in inositol, there was no increase in 
the total inositol content of the animals. Woolley compared the intestinal 
flora of the mice which recovered spontanc?ously from the inositol deficiency 
symptoms (alopecia) with the flora from mice which retained the symptoms 
and found that in the first c'ase the flora had the ability to synthesize ino- 
sitol but in the latter (^ase they did not. It would appear, therefore, that in 
the mouse at least tlie intestinal flora (*an synthesize all the inositol re- 
quired by the animal, provided that sufficient pantothenic? acid is pro- 
vided for normal growth of the intestinal organisms. 

It was observed^"* that the inositel content of hen’s eggs iruireased from 
73 to 450 7 per gram of tissue during 23 days of incubation. This increase 


TABLE VI 

('iiANGK IN Inositol Content of Egos 


Day of incubation 


Inosito) content, 7/^. 
F'rce Total 


0 46 220 

20 190 240 


is apparently not due to synthesis of inositol by the egg tissues but rather 
to the liberation of inositol from a bound form. This libei'ation of bound 
inositol was demonstrated by Woolley who determined both the free 
and bound inositol in the incubated eggs, "i'he results of this experiment 
are shown in Table VI. 

Although there has not yet been a clear-(?ut demonstratioTi of the syn- 
thesis of inositol by animal tissues, an inter(?onversion of inosil.ol and glu- 
cose has been rei)orted.2^ ?n//o-Inositol labeled with deuterium was fed to 
phlorizinized rats, and the deuUnium content of the urinary glucose was 
determined. Tlie high deuterium content of the glucose indicated its for- 
mation from inositol, but since the location of the deuterium in the glucose 
was not determined the significance of the observation has been ques- 
tioned.3«* 27 


2 ® E. E. Snell and E. Quarles, J . Nutrition 22, 48^1 (1941). 

W. Woolley, Proc, Sac. Exptl. Biol. Med. 49, 540 (1942). 

** M. II. Stelten and D. Stotten, Jr., J . Biol. Chem. 164, 85 (1946). 
2«T. Posternak, Bull. me. chim. hioL 33, 1041 (1951). 

27 W. H. Schopfer, Bull. soc. chim. hiol. 33, 1113 (1951). 
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It is tempting to assume that inositol is synthesized from glucose in 
plant tissues and that the reverse reaction can take place in the animal. 
The fact remains, however, that up to the present no unequivocal experi- 
ments to demonstrate either conversion have been reported. 


Vn. Estimation of Inositol j 

Although qualitative color tests for inositol (e.g., the Scherer test) have 
been developed, none of them can be used for a quantitative determina- 
tion of the vitamin. Neither is there a specific chemical reaction of any 
sort by which inositol can be determined unequivocally in biological' ma- 
terial. This lack of specificity is due in part to the fact that there are a 
number of biologically inactive isomers of inositol and in part to the simi- 
larity of inositol to the sugars in structure and chemical reactivity. Any 
chemical determination of inositol requires, therefore, a preliminary separa- 
tion and purification of the vitamin to remove sugars. Such procedures 
inevitably result in losses of material and are less desirable for a quantita- 
tive determination of the vitamin than are the microbiological procedures 
which require no separation of the vitamin from the tissues. The recently 
developed paper chromatographic method, however, is a promising im- 
provement in the chemical determination of inositol. 

A. BY ISOLATION 
ARTHUR H. LIVERMORE 

The earliest methods for determination of inositol were developed before 
it was recognized to be a vitamin. Scherer^ in 1850 discovered inositol in 
animal tissues and determined its presence after precipitating it with basic 
lead acetate, a reagent used also by many subsequent investigators. Scherer 
found® that, by treating the inositol first with nitric acid and then with 
ammonia and calcium chloride and finally evaporating the solution, he 
obtained a red-colored product. It has been shown that this colored com- 
pound is a salt either of rhodizonic acid or of tetrahydroxyquinone.® * ^ 
This test is quite specific for the inositol structure and has been used as a 
qualitative test for inositol by many investigators (see, for example, Hutt 

^ J. Scherer, Ann. €hem. Justus Liebigs 73, 322 (1850). 

^ J. Scherer, Ann. Chsm. Justus Liebigs 81, 375 (1852); Beilsteins Handbuck der 

Organischen Chemie VI, 1196 (1923). 

A. Hoglan and E. Bartow, J. Am. Chem. Soc. 62, 2397 (1940). 

W. Preisler and L. Berger, J. Am. Chem. Soc. 64 , 67 (1942). 
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et al}). The Scherer test has recently been discussed in some detail by 
Fleury.® 

The introduction of the use of 70 % acetone for the extraction of inositoF 
improved the isolation procedure. Estimation by isolation and weighing 
remains, however, a very crude method for inositol determination. 

B. BY CHEMICAL METHODS 
ARTHUR H. LIVERMORE 

The introduction of chemical methods for the estimation of inositol was 
some improvement over the earlier procedures. However, considerable 
purification of the inositol to remove interfering substances was still re- 
quired. 

; 1. Reaction with Potassium Iodomercurate** * 

Potassium iodomercurate in alkaline solution is reduced to free mercury 
by inositol and also by sugars. The mercury can then be dissolved in a 
measured excess of a standard iodine solution and the unreacted iodine 
determined by titration with thiosulfate. 

2. Reaction with Periodate 

The most satisfactory chemical method for determining inositol is to 
oxidize it with periodate.®' In the method of Platt and Glock,^® the 
inositol must first be extracted from tissues with boiling water and im- 
purities removed by precipitating some with 70 % acetone and extracting 
others with ether. Glucose can be destroyed by fermentation with yeast, 
and then lactic acid and other interfering substances can be removed by 
adsorption on carbonaceous zeolite and M.P.D. resin. 

The inositol solution obtained in this fashion is treated with HIO 4 at 
6® to 8® for 48 hours, at which time the theoretical amount of HIO 4 required 
by equation 1 is used up. The formic acid produced is then titrated with 

-V GHIO 4 emOa -V- 6IIC0011 Cl) 

0.01 N 'NaOH. Platt and Glock found tkat, wlien the theoretical amount 

of HIO 4 had reacted, 90% of the theoretical amount of formic acid was 

present in the solution. 

* H. H. Hutt, T. Malkin, A. G. Poole, and P. R. Watt, Nature 166, 314 (1950) 

•P. Fleury, Bull, soc. chim. biol, 88, 1061 (1951). 

’ G. Momose, Biocheni, J, (London) 10, 120 (1916). 

® P. Fleury and J. Marque, J. pharm. chim. [8] 10, 241 (1929). 

• L. Young, Biochem. J. (London) 28, 1435 (1934). 

B. S. Platt and G. E. Glock, Biochem. J. (London) 87, 709 (1943). 

“ P. Gyorgy, Vitamin Methods, p. 252, Academic Press, New York, 1950. 

P. Fleury and M. Joly, J. pharm. chim. [81 26, 341, 397 (1937). 
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In order to dififerentiate between inositol and glycerol which might be 
present in the solution, a titration is carried out 90 minutes after the start 
of the periodate oxidation. At that time 100% of the glycerol but only 
2% of the inositol has l)een oxidized by the periodate. 

In an earlier application^- of the periodate oxidation method, the in- 
ositot-periodat>e mixture was treated after 24 hours with 0.1 N AS2O3 and 
20% KI, and 10 minutes later the excess AssOs was titrated with standard 
iodine solution. 

More recently^'* the COo Avhich was produced during the periodate Oxi- 
dation was determined in a Warburg apparatus. At 30®, between 1.1 and |,3 
moles of CO2 were produced in 4 hours from 1 mole of inositol. Interfering 
sugars were dc'stroyed by heating the mixture with MgO at 100®. Lactic 
acid was removed by alcohol and ether extractions. 

It would appear that at the low temperatures used by Piatt and Glock^® 
there is little formation of C()2 (in 48 hours), whereas at the higher tem- 
perature used by Fleury and Recoules^^ some (X)2 is produced. The source 
of the C()2 has been determined by Fleury, who has shown*^ that oxidation 
of inositol by periodate at 30® lakes plac(' in two steps. The first is a rapid 
one in which 2 moles of formic acid and 2 moles of gly(*olic acid are formed, 
within a few minutes, from ea(*li mole of inositol. This is followed by a 
slow phase in which the glycolic acid is oxidized by tlie periodate according 
to equation 2. This reaction is still incomplete after se\*eral days. 

2CH20I1C()0H + 40 2lI(X)OH + 2 CO 2 + 21120 (2) 

The possibility of estimating inositol by determining the amount of 
glycolic acid formed during periodate oxidation led Fleury and his co- 
workers to develop a semimicro method for determining this compound.®* 
In this method the Anolet color ot)tained by heating glycolic acid with 
chromotropic acid and H2SO4 is measured. 

3. Other Chemical Methods 

The Hagedorn-Jensen method for determining sugars has been used for 
inositol estimation.^® Also, inositol in the form of its hexaphosphate ester 
(phytin) has been estimated^® by determining the amount of organi(* phos- 
phate in a partially purified tissue extract. 

P. Fleury and A. R(M!oules, Compt. rend. 227 , 691 (1948). 

P. Fleury, J. E. Courtoia, and 11. Perles, Mikrochemie vcr. Mikrochim. Acta 36/37, 

863 (1951) [C. A. 46, 5073 (1951 )J. 

W. R. Todd, J. Vreeland, J. Myers, and E. S. West, J. Riot. Chem. 127, 269 (1939). 

J. K. Courtois and C. Perez, Bull. soc. chim. biol. 30, 195 (1948). 
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C. BY PAPER CHROMATOGRAPHY 
ARTHUR II. LIVERMORE 

A qualitative determination of inositol can be made readily with filter 
paper chromatograms.’^"^® Although inositol is not readily oxidized in 
solution by ammoniacal silver nitrate, this reagent, can be used to detect 
inositol on the filter paper chromatogram. ITie redut^tion of the silver by 
the inosil,ol spot proceeds more readily if a little NaOH is added to the 
silver reagent.^^ 

Quantitatively the inositol can be extra(;ted from the filler paper, oxidized 
with periodate, and the resultant formic mnd titrated. No data have been 
given from which the acc*iiracy and precision of this method can be de- 
termined. 


n. BY MOUSE ASSAY 
ARTHUR II. LIVERMORE 

Woolley-® demonstrated that inositol-deficient mice developed alopecia 
and that administration of inositol to the deficient animals cured this 
disorder. He used this metho(P’"-® to determine the inositol activity of 
various analogs of the vitamin. The mouse assay has not been developed 
into a strictly (piantitative method for determining inositol. Moreover, it 
has now been supplanted by the more (Convenient and rapid microbiological 
assays. 


E. BY MKltOBIOLOGlCAL ASSAY 
E. E. SNELL 

Inositol, the first component of “bios” to be identified, was first shown 
to promote growth of yeast by Eastcott.-^ Many, but not all, yeasts re- 
(luire this compound, together with one or more other vitamins,-^ and the 
response of suitable strains of yeeast to it remains the basis for the most 
convenient procedures for its estimation. 

Of the se^’eral naturally occurring compounds j elated to inositol, only the 

S. M. Partridge and R. G. Wcatall, Biochvm, J. (London) 42, 238 (1948). 

L. Hough, Nature 166. 400 (1950). 

E. L. Hirst and J. K. N. Jones, Chem. Soc. 1949, 1659. 

C. L. Withnor, Aw. Botany 36, 355 (1949). 

D. W. Woolley, J. Biol Chem. 140, 461 (1941). 

I). W. Woolley, J. Biol Chem. 139, 29 (1941). 

W. Woolley, J. Biol Chem. 140, 453 (1941). 

E. V. Eastcott, J. Phys. Chem. 32, 1094 (1928). 

^‘‘P. R. Burkholder, I. McVeigh, and 1). Moyer, J. Bactcriol 48, 385 (1944). 
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free vitamin, mcso-inositol, has growth-promoting activity for yeast.** ■** 
Bound forms, such as ph 3 diic acid and those occurring in lipids, are in- 
active. For estimation of total inositol, therefore, hydrolysis of the sample 
is essential. Treatment of the finely divided sample with 18 % HCl under 
reflux for 6 hours, followed by evaporation of excess HCl and neutralization 
of the dissolved residue, is the method of choice.** 

Of the several suggested yeast growth procedures, an unpublished modi- 
fication of the procedure of Atkin et al?^ for determination of vitamin |B6 
is simple and highly satisfactory. Inositol is omitted from the basal medium, 
and an excess of pyridoxine is added. Increased growth of the test organ- 
ism, Saccharomym carlshergensis 4228, in response to increased amounts 
of inositol is obtained in the concentration range of 0 to 1 y of inositol per 
milliliter. Incubation is for 18 to 24 hours, mth shaking, at 30°. Other 
details of the assay resemble those for vitamin Be assay with the same 
organism,*** and have also been given in detail elsewhere.**** Good results are 
also obtainable by the method of Woolley,** which employs a strain of 
Saccharomym cerevisae as the test organism; the basal medium, however, 
is much more troublesome to prepare, and the method does not appear to 
possess compensating advantages. 

A fundamentally different assay procedure for inositol is possible by use 
of an inositol-less mutant of Nenrospora crassa}*^' **■ ** The amount of my- 
celium formed in response to added inositol is determined by direct weigh- 
ing after 3 days of incubation. Although the procedure appears accurate, 
it is more tedious than yeast assay and requires considerably longer time. 

None of the lactic acid bacteria or artificially induced mutants of bac- 
teria require inositol; indeed, it is not certain whether or not bacterial 
cells contain any of this substance. Assay procedures that utilize such 
organisms consequently are not available. 

•• D. W. Woolley, in Biological Symposia, XII. Estimation of the Vitamins, p. 279, 

Jaques Cattell Press, Lancaster, Pa., 1947. 

L. Atkin, A. S. Schultz, W. L. Williams, and C. N. Frey, Ind. Eng. Chem, Anal. Ed. 

16, 141 (1943). 

E. E. Snell, in Vitamin Methods, Vol. I, p. 327, Academic Press, New York, 1950. 
” G. W. Beadle, J. Biol. Chm. 146, 109 (1942). 

” E. L. Tatum, M. G. Ritchie, E. V. Cowdry, and L. F. Wicks J. Biol. Chem. 168, 

675 (1946). 
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VIII. Occurrence 

ARTHUR H. LIVERMORE 

The naturally occurring inositol isomers are found in many plants and 
in some animal tissues.^ • ^ The two optically active isomers have been 
found chiefly in various trees. n-Inositol occurs as the monomethyl ether, 
pinitol, and L-inositol as the monomethyl ether, quebrachitol. The other 
naturally occurring isomer of inositol is scyllitol. Scyllitol has been found 
both in plant products and in elasmobranch fishes. It has also recently been 
found, together with myo-inositol, in urine and in blood.® In addition to 
these compounds, other related substances have also been found in plant 
products. Among these are the desoxyinositols, C-methylinositols, inososes 
(pentahydroxy cyclohexanones), and also the tri- and tetrahydroxy hexane 
carboxylic acids (quinic acid and shikimic acid).^*^ 

A. IN FOODS 

Since m?yo-inositol is the only inositol isomer having significant vitamin 
activity, only this isomer has been determined extensively in food products. 
Most of the determinations of the inositol content of foods have been made 
by microbiological methods. Since the microorganisms which are used for 
these determinations use myo-inositol specifically, the results of these 
determinations undoubtedly give the myo-inositol content of the food 
products. The same cannot be said of chemical methods since these pro- 
cedures (e.g., periodate oxidation) will not distinguish between the various 
isomers, and it is possible that scyllitol and d- or L-inositol might in some 
cases be determined as well as m^o-inositol. 

Some of the results of analyses of various food products for inositol 
have been collected in Table VII. This is by no means an exhaustive list 
of the food products studied. The original literature cited should be con- 
sulted for other foods. 

B. NATURAL ANTIVITAMINS OF INOSITOL 

The structure of the streptamine moiety of streptomycin is very similar 
to the structure of inositol. Streptamine is a diaminotetrahydroxycyclo- 

^ H. G. Fletcher, Jr., Advances in Carbohydrate Chem. 8, 45 (1948). 

* W. W, Pigman and R. M. Goepp, Jr., Chemistry of the Carbohydrates, p. 266, 

Academic Press, New York, 1948. 

* P. Pleury, Bull, soc, chim. hiol. 33, 1061 (1951). 

* V. H. Cheldelin and R. J. Williams, Univ. Texas Publ. 4237, 105, (1942). 




TABLE VII 


The iNosiToii Content op Various BiologicaIj Materials 



Vegetable Products 



Inositol content, 'y/g. of fresh tissue 

Reference 

Cereals 



Wheat germ 

6,900 

4 

Whole wheat 

1,700 

4 


1,900“ 

5 

Bread, whole wheat 

644 

6 


1,030 

4 

Flour, white 

830 

4 

Flour, whole wheat 

1,105 

6 

Oats 

3,160“ 

5 


1,000 

7 

Barley 

3,920« 

5 

Corn 

600 

7 

Fruits 



Oranges 

2,100 

4 

Orange juice 

1,040-1,700 (per ml.) 

8 

Grapefruit 

1,500 

4 

Grapefruit juice 

880-1,120 (per ml.) 

8 

Cantaloupe 

1,200 

4 

Tomatoes 

460 

4 

Apples 

240 

4 

Vegetables 



Peas, English, green 

1,620 

4 

Cabbage 

950 

4 

Potatoes, sweet 

660 

4 

Potatoes, white 

290 

4 

Lettuce 

550 

4 

Carrots 

480 

4 

Spinach 

270 

4 

Miscellaneous 



Peanuts, roasted 

1,800 

4 

Molasses 

1,500 

4 


3,200^ 

9 

Tea leaves, dry 

10,000 

8 

Yeast, Torulopsis utilis 

2,700 

10 

Yeast, brewer’s 

500 

7 

Animal Products 

Meats 



Beef, muscle 

115 

4 


2,640 

7 

Beef, heart 

2,600 

4 


16,000 

7 

Beef, brain 

2,000 

4 


6,000 

7 

Beef, liver 

3,400 

7 


510 

4 

Pork, loin 

360-450 

4 

Veal, chop 

320-350 

4 


364 
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TABLE VII — Continued 

Animal Products 

Inositol content, 7 /g. of fresh tissue Reference 


Fowl and Fish 


Chicken, breast 

480 


4 

Oyster 

440 


4 

Halibut 

170 


4 

Salmon 

170 


4 

Egg 

220 


7 

Milk Products 




Whole milk, cow 

5(X) 


7 


180 (fWir 

ml.) 

4 

Whole milk, human 

330 (per 

ml.) 

4 

Cheeses 

250 


4 

“ Determined as phytin phoHphorus. These inesitel weights were calculated frt>m Courtois and Perez 
values for phytin phosphorus, assuming a formula CiuMg(C#Hi! 0 s 4 P 6 * 3 H 20 )* ff)r phytin. 

This included 1340 y of free inositol and I860 y of bound (phytin) inositol. 


hexane which is an analog of either the scyllitol structure (1)^^ or the myo- 
inositol stnicture (11).’*^ It has l)oen observed^* that lipositol from brain 
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inhibited the action of stroi)toinycin on Slaphlococais aureus^ and a con- 
firmation of this observation has l)een reported However, it has been 
found*^ that lipositol has no antistreptomycin effect on Escherichia coli. 

Another relationship between inositol and streptomycin has been re- 
ported.^® The yeast Torula xdilis was adapted to grow on a medium con- 
taining inositol in place of glucose. In contrast to the parent strain, this 
yeast which had been adapted to inositol was sensitive to streptomycin. 
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No other natural antivitamins of inositol have been found. m^/o-Inositol 
has been reported^^ to reverse the inhibitory effect of malonate on Clos- 
tridium saccharobutyricum, whereas the d- and L-inositols do not. However, 
borate also reversed the malonate inhibition, so a specific inhibition of 
inositol by malonate was probably not involved. 


IX. Effects of Deficiency 

A. IN MICROORGANISMS 
E. E. SNELL 

The physiological activity of inositol was first discovered by Eastcott,^ 
who showed that the substance was required for growth of a strain of 
yeast. Since these initial observations, many yeasts have been shown to be 
stimulated by it; for 15 of 163 strains investigated by Burkholder ct aV 
inositol was essential for growth. Several fungi are known that require the 
vitamin, e.g., Nematospora gossypi%^' ^ Lophodermium pinastri,^ and others. 
Mutants of Neurospora crassa that require it have also been produced.^ 
In all such organisms, growth increases with the inositol concentration 
over a definite range of concentrations below the optimum; microbiological 
assay methods for inositol depend upon this fact.® Although the vitamin 
is required for growth of these microorganisms, nothing is knoAvn of the 
essential metabolic role played by it; no distinctive metabolic aberrations 
due to its lack have been reported. Presumably, in these organisms as in 
higher plants and animals, inositol may be required for the formation of 
essential lipid components of the t^ell;^* ® this, how^ever, is mere speculation. 
It is a striking fact that no bacteria have so far been reported to require 
inositol, and it is not certain whether inositol is present at all in some bac- 
teria, e.g., Escherichia coli.^ Other bacteria, e.g., the tubercle bacillus, are 
known to contain it.^® Indeed, the occurrence of inositol in the phosphatide 
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fraction of the latter organism^® was the first evidence that inositol was 
associated with lipid material in any organism. In some yeasts and fungi 
that require inositol as a nutrient, the toxic action of 7 -hexachlorocyclo- 
hexane is directed against inositol and can be overcome by it ; the phenome- 
non, however, does not throw additional light on the metabolic role played 
by inositol. The insecticide also has a pronounced toxic action that is not 
overcome by inositol; it appears both in inositol-requiring and in inositol- 
synthesizing microorganisms.^^ 

B. IN ANIMALS 
T. J. CUNHA 

Woolley^ 2 -i 4 showed that an inositol deficiency in the mouse resulted in 
retarded growth and alopecia. Of considerable interest was the pattern of 
the hair loss obtained. No hair loss occurred from the tail or head or from 
the legs below the knees. The areas of loss of hair on most other parts of 
the body were bilaterally symmetrical, and in most of these areas the 
alopecia was nearly complete. Martin^® observed only slight alopecia in 
mice fed an inositol-deficient diet. Woolley^®* also observed that only 
about 50 % of the animals showed signs of an inositol deficiency and that 
spontaneous cures of the deficiency occurred frequently. He also found 
that, in the absence of pantothenic acid, alopecia developed even though 
the ration contained enough inositol. With large amounts of pantothenic 
acid and a lack of inositol, however, some animals still developed signs of 
inositol deficiency and died unless inositol was administered. Woolley^'^ 
also showed that inositol is synthesized under certain conditions by the 
intestinal flora of mice. Frequently, the amount of inositol synthesized was 
equivalent to the minimum dose effective in the prevention of the alopecia. 
Thus, it appears that inositol deficiency symptoms in mice are most likely 
affected by intestinal syntiiesis. 

Pavcek and Baum^® reported that inositol cured “spectacled eye’^ in rats 
fed a purified diet. Subsequently, Nielsen and Elvehjem^® were able , to 
cure a similar spectacled eye condition in the rat with biotin. The fact 
that both groups of investigators were able to cure the spectacled eye 
condition with two different vitamins might well indicate that therapy 
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with one vitamin in one case may have stimulated the intestinal synthesis 
of the other. This would mean that the spectacled eye condition could be 
due to a biotin deficiency, but in the work of Pavcek and Baum^® the in- 
ositol may have acted indirectly in stimulating the intestinal synthesis of 
biotin. This postulation is strengthened by the finding of Lindley and 
Cunha®^ that inositol alleviated to a large extent the deficiency symptoms 
prevented by biotin with the pig fed a purified diet. Cunha et reported 
an alopecia in lats reared on a natural diet composed chiefly of (^orn and 
soybean meal which could be prevented and cured by inositol. The hiir 
loss started in tlie dorsal part of the head and proceeded bilaterally along 
the sides to the tail region and then downward to the hind legs. With inositol 
therapy the hair returned inversely, proceeding from the caudal portions 
forward. Of interest is the finding that the hair loss did not occur until 
pyridoxine and a folic acid preparation were added to the control ration. 
The addition of these two factors caused a decrease in growth and the 
development of the alopecia. This may have been due to some imbalance, 
some interrelationship of the vitamins, some change in intestinal synthesis, 
or to other unknown causes. Spitzer and Phillips, 2 - using a sucrose-soybean 
oil meal ration, produced an alopecia in the rat similar to that observed by 
Cunha el al?^ The hair loss was prevented by supplementation with inositol 
or biotin or with both. However, the hair loss did not occur if the ration 
contained added cystine or methionine. They also stated that, whereas 
low levels (1 to 4 7) of biotin have bec^n shown to prevent the loss of hair, 
higher levels (12 7) of this vitamin may acjtually accentuate the condition. 
The hair loss resulting from feeding the high level of biotin was prevented 
by supplementation with adequate inositol. No explanatation is available 
for their results, but, undoubtedly, the ultimate answer will be of con- 
siderable interest. Nielsen and Black^^ also found that inositol prevents 
the development of a symmetrical alopecia in the rat fed a purified ration 
plus sulfasuxidine. The sulfonomide in some way brought out a need for 
inositol. It must be pointed out that in many experiments rats are fed 
purified diets apparently free of inositol and they do not devc^lop spectacled 
eye or alopecia. An example is the report of Ershoff,^"^ who found that 
inositol and PABA, in combination or separately, had no effect on growth 
of rats fed a purified diet. Thus, it appears that under special conditions the 
type of diet influences the need for inositol by the rat. lender ordinary 
conditions it is of no benefit, but occasionally the diet is such that a need 
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for inositol can be shown. Whether the inositol is eiffective per se or whether 
it acts indirectly by stimulating the synthesis of biotin or other factors is 
not yet clear. 

Sure®® reported that inositol and p-aminobcnzoic acid improved the rate 
of survival of newborn rats. I.(ater, Sure®® found that p-aminobenzoic acid 
was primarily responsible for this action. Climenko and McChesney®^ 
reported that, on a purified diet, either with or without p-aminobenzoic 
acid, the addition of inositol reduced the mortality rate of the young rats 
and increased the milk yield of lactating rats. The inclusion of p-amino- 
benzoic acid alone, however, appeared to have an adverse effect upon 
lactation. The reverse of this finding was reported by Sure.®® Ershoflf and 
McWilliams®^ reported redialed fertility when inositol was fed in a purified 
ration containing both 7 >-aminobenzoic a(dd and sulfaguanidine. However, 
the reduced fertility did not occur if either sulfaguanidine or inositol was 
omitted from the diet. Ershoff®^ later found that massive doses of inositol 
or p-aminobenzoic a(*id exerted no deleU^rious effects on growth or reproduc- 
tion and tliai. lactation may occur on diets containing 1 % p-aminobenzoic 
acid or inositol. '^Fhe divergent findings of these various investigators can- 
not be definitely explained. It is possible that the different^es are due to 
the different diets used and their subsequent effect on the type of intestinal 
flora present in the rats. 

Lindley and Ciinlia®® found that inositol was of no benefit when added 
to the ration of the pig fed a purified diet. They concluded that either the 
pig synthesizes enough inositol or it doc^s not need the vitamin added to the 
ration. In that trial, however, it was found that, if a biotin deficiency" was 
produced by using sulfathalidine in the ration, inositol alleviated to a 
large extent the deficiency symptoms prevented entirely by biotin. A pos- 
sible explanation is that inositol acted indirectly by stimulating intestinal 
synthesis of biotin. Data by Ross et alP and Cunha et alP have shown that 
inositol was beneficial in lactation w"hen added to a corn-soybean ration 
for brood sows and rats. However, these studies need more confirmation 
with other types of natural rations. 

Hegsted et alP reported that inositol supplementation slightly increased 
the growth rate of chicks fed a partially purified diet. Dam®® found that 
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encephalomalacia and exudative diathesis, two symptoms frequently en- 
countered in chicks fed vitamin E-deficient diets, were prevented by adding 
inositol to the diet. 

Hogan and Hamilton®® found that the rate of growth of guinea pigs fed a 
partially purified diet was increased by inositol supplementation. 

Cooperman et al?^ reported an increased rate of growth of hamsters 
when inositol was added to a purified diet. Hamilton and Hogan,®® however, 
found that inositol supplementation did not increase the growth rate of 
hamsters; but the vitamin did counteract reproductive difficulties in ham- 
sters in which the young were bom dead or as shapeless bloody masses ana 
where the mothers frequently failed to survive parturition. 

Mclritire®® found that the addition of inositol to a purified diet almost 
doubled the rate of growth of cotton rats. This increase in growth rate is 
the greatest observed with any species fed a purified diet which was not 
supplemented with a sulfonamide. 

There appears to be general agreement among investigators that inositol 
is a lipotropic factor. Gavin and McHenry®’ found that the addition of 
biotin to a purified diet caused a fatty liver in rats that could be prevented 
by the further addition of inositol. The lipotropic action of inositol in 
rats has been confirmed by Engel,®® Forbes,®® Handler,^® and McFarland 
and McHenry Gavin et al,*^ found that, Avhen thiamine was the only 
B-complex vitamin supplement added to a purified diet, the liver fat of 
the rat could be maintained at a normal level by supplying one lipotropic 
agent, choline. However, when other B vitamins were added to the ration, 
the fatty livers responded to both inositol and choline. All the obser\^ations 
of McFarland and McHenry indicate that a fatty liver, of the type pro- 
duced by in vivo fat synthesis, is made resistant to choline and responsive 
to inositol by increasing the intake of B vitamins, both in kind and in 
quantity. Handler^® has suggested that a large increase in food intake, with 
a surge in fatty acid synthesis, may be the factor causing choline resistance 
and inositol responsiveness. Hovrever, McFarland and McHenry^^ reported 
on paired feeding tests which showed that food consumption is a contri- 
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buting factor, but there is also a specific effect from the B vitamin supple- 
ments. 

C. PATHOLOGY IN HUMAN BEINGS 
A. T. MILHORAT 

Evidence of a specific need for inositol by human beings has not been 
presented, nor have symptoms of deficiency of inositol in humans been 
described. However, the wide distribution of inositol in the body^®"^® and 
the data accumulated in investigations in animals make it reasonable to 
predict that increased knowledge probably will demonstrate an important 
role of inositol in the human organism. The observations of Best and 
others^^ on the lipotropic action of inositol and choline were made in ani- 
mals maintained on diets deficient in this substance. These observations 
form the basis for the use of inositol in the management of fatty infiltra- 
tion and cirrhosis of the liver in patients, but when one considers that 
these abnormalities may be due to a variety of causes, of which inositol 
deficiency probably is of great rarity and perhaps even non-existent, the 
paucity of evidence on the therapeutic usefulness of inositol in liver disease 
is not surprising. 

Ariel et found a high incidence of fatty infiltration of the liver in 
patients with gastrointestinal cancer. In 28 fasted patients Abels et al*^ 
oliserved an average concentration of 16.4 g. of fat in 100 g. of wet liver 
tissue. The administration of 280 mg. of inositol to 10 patients and of 
1200 mg. to 8 patients 10 hours before the operation appeared to reduce the 
amounts of fat in the liver, since the average concentration in the first 
group was 8.2 g. per 100 g, of wet liver tissue, and in the second group 6.9 g., 
representing, in the authors’ opinion, reductions of 50 and 58 %, respectively. 
Lipocaic and choline similarly reduced the concentration of fat in the liver. 
It was concluded, on the basis of comparative experiments, that the effect 
of lipocaic could not be explained entirely by the choline content of the 
lipocaic but may be due to the inositol content Echaurren and Jor- 
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quera^^ treated 10 patients with cirrhosis of the liver with a regimen of a 
high protein diet plus 600 mg. of inositol daily, and in 7 noted gain in body 
weight, disappearance of gastrointestinal symptoms, increase in diuresis, 
and definite subjective improvement. However, Patek and Post^^ j^^d pre- 
viously demonstrated the beneficial effects of diets of high nutritive value 
in 54 patients with cirrhosis of the liver. The diets employed by Patek were 
of high protein content and were supplemented with yeast, liver extract, 
and thiamine chloride. Goldstein and Rosahn^^ and Broun^^ considered 
inositol to be of value in the treatment of cirrhosis of the liver, but definitive 
clinical experiments in which the diet was controlled are lacking, andUhe 
data at hand make it diflicult to ascribe any observed effects to the ad- 
ministered inositol and not to general composition of the diet. Tn this con- 
nection, it should be noted that Sellers ct could find no evidence thW 
inositol favorably influences the course of cirrhosis experimentally pro- 
duced in rats by the administration of carbon tetrachloride. In contrast, 
the addition of either choline or di-methionine to the diet induced con- 
siderable improvement in the cirrhotic livers. Felch and Dotti^® adminis- 
tered 3 g. of inositol daily to 30 diabetic patients w-ith hypercholesteremia 
and concluded that inositol is an effective agent in lowering serum choles- 
terol and lipid P, but neither Shay,®’ who gav(^ 1 .2 g. of inositol daily to 
patients with diabetes, nor Gephart,®* w'ho gave 3 g. daily to a i)atieiit 
with xanthomatous biliary cirrhosis, observed any significant change in 
the concentration of cholesterol in the blood. Similar negative results were 
obtained by Lupten ei who likewise found no change in tlie insulin 
requirements of the patients. Gross and Kesten®® noted significant reduc- 
tions in the concentration of serum cholesterol of 55 out of a series of 64 
patients with psoriasis whose blood levels of cholesterol were above normal, 
when preparations obtained from soybeans were administered. The daily 
dose of these preparations contained 0.6 g. inositol, but the presence of 
other factors such as choline permit no interpretation regarding the effect 
of the inositol or indeed of any single component of the preparations. 
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However, observations indicating that factors other than the absolute 
level of cholesterol in the blood may contribute to the production of 
atherosclerosis leave open the possibility that inositol could function as a 
therapeutic or prophylactic agent in man, not necessarily by its effect on 
the concentration of cholesterol but in some other manner not yet defined, 
for example, by regulating the cholesterol iphospholipid ratio in the blood. 
Thus, Ladd ei al.^^ found that atherosclerosis experimentally produced in 
rabbits by the feeding of cholesterol was accompanied by (ionsiderable in- 
crease ill the concentration of cholesterol and only a slight increase in 
the phospholipid level in the blood. These investigators observed that the 
intravenous administration of Tween 80 to animals fed cholesterol increased 
the blood phospholipids to levels that were as high or higher than the cor- 
responding cholesterol levels, and decreased both the incidence and the 
severity of the atherosclerosis. Several other workers also have emphasized 
the importance of the n^Iative levels of phospholipids and cholesterol.®^"®® 
Duff and Payne®® in their formulation of the pathogenesis of experimental 
cholesterol atherosclerosis in the rabbit have stated the opinion that 
instability of cholesterol in the blood rather than hypercholesterolemia 
per se is the general condition responsible for the deposition of cholesterol in 
the arterial walls. Duff and Payne considered the interrelations of the 
lipids to be more important for their stability than is their relation to the 
serum protein. In their experiments on normal and alloxan-diabetic, rabbits 
that were fed (cholesterol, they found, as had I^add, Kellner and Correll, 
that the elevation of phospholipids was the important factor for the 
stability of serum cholesterol, with a minor effect being exerted by the 
neutral fats. Observations along similar lines by Ahrens and Kunkel®^ 
indicate that the clarity of sera of high lipid content is related closely to 
proportional elevation of the phospholipids; conversely, ‘^milkiness” is 
present in such sera when the relative concentrations of phospholipids are 
low. Ahrens and Kunkel considered the concentration of semm phospho- 
lipids available for complex formation vrith serum proteins to be an im- 
port^int factor in determining the size of the lipid particles in the serum. 
More recently, Poliak®® has emphasized the role of albumin in the pro- 
tection of the blood vessels by its ability to stabilize cholesterol. I^einwand 
and Moore®® noted that the administration of a total of 3 g. of inositol daily 
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to patients with disorders of lipid metabolism decreased the total lipids 
and increased the lipid phosphorus and cholesterol levels of the blood 
during the earlier periods of treatment, but subsequently lowered both 
the lipid phosphorus and the cholesterol concentrations as the treatment 
was continued. They concluded that inositol may have potential value in 
the management of atherosclerosis in man. 

Inositol has been employed in the management of several other condi- 
tions in man. For example, on the basis of observations of Woolley’;® on 
the relationship of inositol to the growth of hair in the mouse, Vorhaus 
ei aV^ administered inositol to subjects with alopecia but observea no 
beneficial effect. Milhorat and Bartels’* in their observations on creatin^ria 
in patients with muscular dystrophy noted that the simultaneous adminis- 
tration of inositol and a-tocopherol lowered the creatine output, although 
the use of either compound alone was without effect. This effect was seen 
only in patients in the early or moderately advanced stage of the facio- 
scapulohumeral form of the disease and not in either the advanced stages 
of this form or in the pseudohypertrophic type. Moreover, certain other 
sugars such as galactose and mannose had similar effects, and the mecha- 
nism of action of these substances is obscure. Beckmann’® has confirmed 
these observations on inositol and telieves that their application may be 
of value in the management of muscular dystrophy. On the other hand, 
John’^ noted no effect of inositol and vitamin E on creatinuria in this 
condition. 

In summary, it may be stated that, although on the basis of theoretical 
considerations inositol would appear to be of therapeutic promise in cer- 
tain pathologic states in humans, the usefulness of inositol in the manage- 
ment of any pathologic condition in man still remains to be established. 

Inoaiiuria. The occurrence of inosituria appears to have been noted 
first by Cloetta,’^ who in 1856 isolated inositol from the urine of a patient 
with chronic nephritis. The observations that actually stimulated interest 
in this subject, however, were those of Vohl,’® who, 2 years later, isolated 
from 18 to 20 g. of inositol per day from the urine of a patient with diabetes 
insipidus. Inosituria as an inconstant occurrence in diabetes insipidus was 
soon confirmed by a number of investigators, (e.g., Strauss” and v.d. 

’0 D. W. Woolley, J. Biol, Chem. 139, 29 (1941). 

” M. G. Vorhaus, M. L. Gompertz, and A, Feder, Am. J. Digest. Diseases 10, 46 
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” A. T. Milhorat and W. E. Bartels, Federation Proc. 6, 414 (1947). 

” R. Beckmann, Deut. Z. Nervenheilk. 167, 16 (1951). 

S. John, Z. klin Med. 148, 245 (1951). 

A. CJoetta, Ann. Chem. Justus Liebigs 99, 289 (1856). 

H. Vohl, Arch, physiol. Heilk. 17, 410 (1858). 

” Strauss, Dissertation, University of Tubingen, 1864. 
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Heyden^*) and a number of hypotheses were proposed to account for the 
urinary excretion of the inositol. Considering the type and limited amount 
of data available at the time, these hypotheses are easily understandable. 
For example, in one study, inositol was found in the urine of patients with 
diabetes insipidus who likewise had lesions of the fourth ventricle of the 
brain, whereas inositol was absent from the urine of two other patients 
with diabetes insipidus in whom no lesion of the fourth ventricle was 
present.'^® The fact that inosituria is not limited to cases of diabetes insipidus 
was indicated not only by the original observation of Cloetta,^® which seems 
to have been neglected by the workers of that time, but also by the dis- 
covery that the urine of adults and children with a wide variety of diseases 
may contain inositol. An account of these early observations was pub- 
lished by Kiilz.^® Reichardt®^ and Kulz®^ made the important observation 
that, following the ingestion of large amounts of water, inosituria could 
occur simultaneously with the polyuria. Kiilz found inosituria in normal 
students who had consumed large volumes of wine or beer, and, although 
these beverages contain inositol (Perrin®® and Meillfcre®^) the diuresis, and 
not the inositol intake, was considered to be the cause of the inositol ex- 
cretion. Evidence for this opinion was produced when Kiilz administered 
from 6 to 103 ^^ 1. of water to six normal adults, who previously had excreted 
no inositol. From the large quantities of urine obtained in each case, Kiilz 
was able to isolate from 0.4 to 0.9 g. of inositol. Later he®® showed that uri- 
nary excretion of inositol could be elicited by the parenteral administration 
of saline in rabbits. Meillfere and Fleury®® attempted to extend the earlier 
work of Gallois®^ and Mcillfere and Camus®® and to establish a correlation 
between glycosuria and inosituria. Gallois had found inositol in the urine 
of one out of every six patients with glycosuria, and Meillfere and Camus 
had previously produced both glycosuria and inosituria by means of punc- 
ture of the floor of the fourth ventricle. Meillfere and Fleury confirmed the 

’*v. d. Heyden, Dissertation, University of Leiden, 1875. 

Schultzer, Klin. Wochschr. 36 (1875). 
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melitus u. insipidus 1 , 2 , Marburg (1877). 
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observation of Gallois and were further able to demonstrate the existence 
of inosituria in phlorhizin dialietes and in experimentally produced diabetes 
after removal of the pancreas. They concluded that inosituria is intimately 
linked with glycosuria,*® whatever the cause of the latter might be, and 
that it accompanied polyuria only when this is associated with glycosuria. 
The situation appeared to be resolved by the observations of Starkonstein®* 
and Needham.** Starkenstein showed that inositol has no significant rela- 
tion to diatetes mellitus except that, when the volume of urine is large, 
inosituria may occur. The urine of diabetic patients, when of small vomme, 
contains no inositol. Needham induced polyuria and inosituria in rals by 
feeding them a salt diet over a period of 110 days. Although the diet con- 
tained no inositol and the inosituria was of considerable magnitude ip.nd 
duration, no diminution in Ihe inositol content of the tissues could \bc 
demonstrated. These e.xperiments are important, since* they not only pro\'e 
that urinary excretion of inositol may be induced by me'asures that produce 
polyuria but they demonstrate also that the animal bexly is able to syn- 
thesize inositol. How profound an ino.situria may accompany polyuria is 
indicated by the early observation of Void’® and the later isolation by Hop- 
kins®’ of about 15 g. of inositol daily from the urine of a patient with diabetes 
insipidus. Using a modification of the Sacciiaromyces cerevisiae. G. M. method 
of Williams ct Johnson el al.^^ studied the excretion of inositol in the 
sweat and urine of four adult male subjects under constant environmental 
and dietary conditions. The average excretion of inositol in the sweat during 
an 8-hour period of exposure to “hot moist” conditions was 0.1 18 mg. per 
hour. Under the same conditions, the average urinary Kkss was 0.494 mg. 
per hour. The corresponding average losses under “comfortable” conditions 
were 0.027 mg. in sweat and 0.620 mg. in the urine. Thus, with a greater 
loss of inositol in the sweat under the hot moist conditions, there appeared 
to be a compensatory decrease in the excirction of inositol in the urine. 

*• G. Mcillfere and P. Fleury, Rtpert. pharm. [3]21, 408 (1909) [from the Tribune mkd. 

Sept. 4, 1909; C. A. 4 , 934 (1910)]. 
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Publ. 4187 , 27 (1941). 

•» B. C. Johnson, H. H. Mitchell, and T. S. Hamilton, J. Biol. Chem. 161, 357 (1945). 
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X. Pharmacology 

A. T. MILHOllAT 
A. HEART 

A physiologic role of inositol in cardiac function is suggested by the 
demonstration of the cyclitol in the heart muscle of rabbit, dog, sheep, 
pig, and ox.^“® The ventricile of the ox heart was found by Winter^ to con- 
tain from 85.7 to 134.8 mg. of inositol per 100 g. of tissue, and the auricle 
contained from 77.1 to 92.2 mg. Less inositol was found in the bundle of 
His than in tissue from another part of the same ventricle. The inositol 
content of the Purkinje fibers was 53 mg. per 100 g. of tissue. Winter^ 
found the survival changes in the heart muscle of the dog to be accom- 
panied by an increase in the inositol content and, therefore, postulated the 
existence of a combined from of inositol, in addition to the free substance. 
Moreover, since a combined form of inositol could not be detected in the 
hearts of herbivorous animals such as the sheep and ox or in the heart of 
the carnivorous pig, it appeared unlikely that the combined form in the 
heart of the carnivorous dog was a substance such as phytin and had been 
derived from plaTit sour(;es in the food. His evidence for the presence of a 
combined form of inositol in heart muscle is reminiscent of the experi- 
ments of Rosenberger,'^ who reported on the presence of both free and com- 
bined inositol in the white mouse. Rosenberger^s determinations were made 
on the entire carcass after removal of the stomach and intestines (see also 
reference 6). Whether the function of inositol in heart muscle is similar to 
that in striated muscle, as postulated by Portmann, cannot be stated in a 
definitive way at the present time. Portmann^ found that the fin muscles 
of fish, and especially of the shark, contain large amounts of inositol. Since 
the liver of these fish contains no glycogen or other reserve carbohydrate, 
Portmann believed that the inositol probably is a reserve carbohydrate 
that is formed from glucose and is stored in the fins to serve as an available 
source of glucose for the blood by the reopening of the inositol ring. Sug- 
gestive support of this hypothesis is furnished by the success of Grosheintz 
and Fischer** in the cyclization of glucose to inositol by purely chemical 

' J. Needham, Biochem, J. 17, 422 (1923). 

* L. B. Winter, Biochem, J. 28, 6 (1934). 
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* J. M. Grosheintz and H. 0. L. Fischer, Harvey Lectures 40, 156 (1944-1945). 



378 


INOSITOLS 


means, and by the demonstration by others that inositol in the organism 
can be converted into glucose. Although Mayer® had found no increase in 
the amounts of liver glycogen of three rabbits given 10 g. of inositol, nor had 
he observed an iiHireasein urinary glucose of diabetic patients given as much 
as 50 g., Greenwald and Weiss^® later found a small but unmistakable in- 
crease in the urinary glucose: nitrogen ratio when inositol was administered 
to dogs with phlorhizin diabetes. Perhaps pertinent to this problem are the 
observations of Needham.^^ who found that the injection of glucosejf into 
the fertilized unincubated egg causes a very large rise in the inositol! con- 
tent of the egg during its subseciuent development. More recently, Stetten 
and Stetten^® demonstrated a transformation of mcso-inositol into glifcose 
in the phlorhinized rat, when they found significant concentration of 
deuterium in the urinary glucose after administration of deuterio-inos- 
itol. The differences in the results and interpretations of the earlier 
workers, using less definitive methods, are easily understood when one 
considers that the data of Stetten and Stetten indicate a transformation 
to glucose of only 7 % of the administered rwcso-inositol. Moreover, in this 
experiment the inositol was administered by intraperitoneal injection, 
whereas the earlier investigators used the oral route by which absorption is 
incomplete. x 

The original observations of Sachs^® that inositol affects cardiac function 
was confirmed by subsequent workers. Sachs perfused the frog^s heart 
with Ririger^s solution and noted increased amplitude and rate of con- 
traction when inositol in low concentrations was added to the perfusion 
fluid. However, when an isotonic solution of inositol was substituted for 
the Ringer's solution containing inositol, the heart immediately was stopped 
in systole. Hewitt and de Souza^^ employed approximately the same con- 
centrations of inositol in their perfusion studies on the frog's heart. The 
heart responded rapidly to inositol by an increase in the force of its beat 
and just as rapidly returned to its original state when the inositol was 
replaced by Ringer's solution alone. In six of the twenty-five experiments, 
inositol had no apparent effect on the heart, and in two its perfusion led 
to diminution in force of beat. The rate of the heart, as a rule, was not 
altered by inositol. The action of inositol was considered to be on the 
heart muscle, since the effects were noted also in the atropinized heart. A 
concentration of 6%, such as was employed by Sachs, was found to be 
strong]^ toxic and soon stopped the heart in systole. Brissemoret and 
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Chevalier^^ perfused the rabbit’s heart with inositol in concentrations of 
0.05 and 0.1 %. The lower concentration of inositol produced definite 
acceleration and more forceful activity, but use of the larger amounts of 
inositol was followed by gradual slowing of the heart and stoppage in 
systole. Meyer'® observed that, in the perfused rabbit’s heart, inositol 
concentrations of 0.01 and 0.02 % produced a decrease in amplitude and 
arrythmias. However, since the concentrations of inositol employed in 
these experiments are higher than those that occur normally in the blood, 
no definitive conclusions can be drawn relative to the physiologic role of 
inositol in cardiac activity. Sonne and Sobotka,'^ in their application of 
the nephelometric micro bioassay with Saccharomyces carlsbergensis to the 
determination of inositol, observed levels of from 0.37 to 0.76 mg. per 100 
ml. in the blood plasma of fasting patients and normal persons. Pooled 
samples from miscellaneous patients showed values that ranged from 0.54 
to 1.87 mg. per 100 ml. Moderate increases in the plasma inositol levels 
followed the ingestion of 1.5 g. of inositol daily. Waldstein and Stcigmann”^ 
gave amounts up to 1 g. of inositol by intravenous injection to patients 
and concluded that relatively large amounts are well tolerated and appear 
to be without untoward effects. 

B. GASTROINTESTINAL TRACT 

The effect of inositol on the activity of the stomach and small intestine 
was studied in dogs by radiographic means by Martin et who found 
considerable increase in the peristalsis of these organs. No spastic state 
was produced except a pylorospasm which the authors attributed in part 
to the constipating diet and in part to a possible contracting effect of the 
administered inositol on the pyloric sphincter. Other observations are of a 
more precursory nature but, in general, suggest a stimulating action of 
inositol on the gastrointestinal tract. For example, Anderson'® and Bly 
et al?^ noted diarrhea in dogs after administration of inositol, whereas 
Vorhaus et al?^ and Shay^^ administered from 1 to 2 g. of inositol daily to 
patients without production of gastrointestinal symptoms. As indicated 
in the discussion on the factors influencing its requirements, inositol prob- 
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ably is relatively poorly absorbed, and it is probable that the efiFect on 
motility of the gastrointestinal tract is due to an irritating action. In this 
connection, the observations of Clark and Geissman^* that inositol does not 
potentiate the action of epinephrine on an isolated smooth muscle prepara- 
tion are of interest. Torda and WolfP^ found that inositol increases the 
sensitivity of striated muscle of the frog to acetylcholine, but data on the 
smooth muscle of the gastrointestinal tract are not available. 

C. THYROID 

The presence of inositol in the thyroid gland was demonstrated by Tam- 
bach®^ and Meyer.*® However, few data on the effect of inositol on thyroid 
function are available. Abelin^® produced toxic symptoms in rats l)y the 
administration of 100 mg. of thyroglobiii daily for 1.5 months, with re- 
duction in body weight and in muscle creatine and increase in rate of 
respiration. The daily parenteral administration of 50 to 100 mg. of panto- 
thenic acid prevented the occurrence of toxic? symptoms. Inositol and py- 
ridoxine had similar effecits. Handler and Follis^^ observed that a decreased 
level of thyroid activity induced by thyrdidectomy or by thiouracil or p- 
aminobeiizoic acid feeding prevented or retarded the development of he- 
patic necrosis or fibrosis associated with clu^line and cystine deficiencies 
in the rat and that thyroid administration hastened the deatli of (‘ystine- 
deficient rats. Inositol, as well as sulfasuxidine and taurine, prevented the 
development of hepatic cirrhosis in animals on a diet defi(*ient in choline. 
This effect of inositol, however, was not due to lipotroj^ic action or anti- 
thyroid activity, since inositol did not reduce the fat content of the fatty 
livers, nor did it produce morphological changes in the thyroid. 

D. NEUROMUSCULAR SYSTEM 

Inositol is a constituent of striated muscle*^ * 2 * ’ and of the spinal 
cord and brain.^® Investigations on the pharmacologic action of inositol 
on the brain apparently have not been done, but Lecoci et aJ.'*® in their 
studies on the effect of a number of compounds on nerve chronaxia in rats 
obser\’^ed that inositol caused an increase in nerve chronaxia. MorecnTi*, 
inositol had no effect on the incjrease in chronaxia after repeated adminis- 
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tration of epinephrine, and it abolished the reduction in chronaxia produced 
by adrenochrome.^^ Inositol does not potentiate the action of epinephrine 
on a smooth muscle preparation, however, nor does it; affect the autoxida- 
tion of ei)inephrine.^’* Torda and WolfP^ found that inositol increases the 
sensitivity of the re(^tus abdominis muscle of the frog to acetylcholine. 

E. MISCELLANEOUS 

Inositol was found l)y Williams and Watson®^ to activate slightly if at 
all, transamination by the rat kidney. 

Doisy and Bocklage'*^ in their studies on hexac;hlorocyclohexane noted 
that the toxicity of the or, 7, and b isomers was not affected by inositol. 

The thromboplastin inhibitory action of inositol phosphatide observed 
by Overman and Wright/'*^ is believed by Kay and Balla®^ to be due to the 
adsorption of the inositol phosphatide by the surface of the thromboplastin, 
thereby preventing th(' typical reaction which normally occurs when 
thromboplastin alone is employed. Inositol phosphatide w^as found by Kay 
and Delancey'^® to be without influence on the mortality rate of rats suffer- 
ing e.xperimeiital burns. 


XI. Requirements 

A. OF ANIMALS 

T. J. CUKBA 

No definite requirements have been wwked out for the inositol needs 
of animals. Man}'^ investigators have been able to obtain good growiih of 
rats, mice, chicks, pigs, and hamsters when these animals were fed purified 
diets without inositol. On the other hand, other groups of workers, under 
different (conditions, have shown inositol to benefit the diet of rats, mice, 
chicks, pigs, hamsters, guinea pigs, and cotton rats. It is apparent that 
under certain conditions a need for inositol can be shown. The reason for 
the need under those conditions is not exactly known. Since inositol has 
been shown to be synthesized by rats^ and mice,- it is logical to assume that 
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under many conditions intestinal synthesis of inositol is altered, and so 
are the inositol requirements of the animal. There are also interrelationships 
of nutrients, and thus the diet fed and its content of various nutrients may 
influence inositol needs. It is also possible that there are substances, anti- 
metabolites for example, in natural feeds which may have an effect on the 
inositol needs of the animal. There undoubtedly are other possible explana- 
tions. Regardless of which may be the right one, there is still no definite 
postulate which can be regarded as established. Considerably more '^ork 
is needed to clear up the problem of the factors influencing inositol require- 
ments of animals. \ 

Many investigators have used levels of 0.05 to 0.3 % of inositol in their 
experimental rations. However, none of these levels are regarded as definite 
requirements. 

Several investigators have studied the utilization of phytate P.*’^ Moll- 
gaard and his associates have indicated the importance in the pig of the 
intestinal pH and of the presence of phytase in the food. Woolley® investi- 
gated the ability of several substances to replace mcso-iiiositol in the nutri- 
tion of the mouse. Inositol hexaacetate, phytiii, and soybean cephalin were 
effective in curing alopecia in this series. In contrast, the strain of yeast 
used was incapable of utilizing esters of inositol. Wiebelhaus et al? found 
the quantity of inositol absorbed from the intestinal tract of fasting rats 
to be approximately a linear function of time and observed that the ab- 
sorption of inositol monophosphate was more rapid than the absorption of 
inositol. 


B. OF MAN 
A. T. MILIIORAT 

Williams® estimated that an average mixed diet of 2500 cal. contains 
about 1 g. of inositol. Since evidences of inositol deficiency are not observed 
on good mixed diets, the requirements of man cannot, under ordinary cir- 
cumstances, exceed this amount. Williams concludes that 1 g. daily is a 
^‘safe’* level of intake but emphasizes that definite data are lacking. Ander- 
son and Bosworth® found that of 0.5 g. of inositol per kilo of body weight, 
given by mouth, only 9 % was found in the urine, and none in the feces. 
The inositol in the diet is predominantly from vegetable sources. How 
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efficiently man can utilize the inositol of phytic acid is not known, but on 
the basis of investigations in various species of animals it is probable that 
appreciable amounts of phytic acid may be hydrolyzed in the human 
intestinal tract. The enzymic cleavage of phytic acid in the intestinal 
tract would be determined, at least in some measure, by the type of grain 
ingested, for certain grains such as wheat, rye, and barley contain phytase, 
whereas oats and maize do not.® Cruickshank and his associates,^^ in their 
observations on four adult subjects, consuming a diet rich in oatmeal, 
noted that the phytate P of oatmeal was almost completely digested when 
the calcium intake was normal. Additional calcium decreased the digesti- 
bility of phytate P if the supplementary calcium was taken together with 
the oatmeal and not if it was taken separately. Sonne and Sobotka*^ noted 
moderate increases in the concentration of the blood from average levels of 
0.37 to 0.76 mg. per 100 ml. when 1.5 g. of inositol was administered orally. 
Definite data on utilization and on possible synthesis of inositol in the 
human organism as ^vell as on the effect of other constituents of the diet 
on the requirements for inositol are not available. For the i)resent, these 
(luestions can be answered only by inference based on data obtained in 
animals. 

Anderson*^ found inositol to be absorbed very slowly from the intestines 
of the dog and was able to recover in the feces as much as 77 % of the ad- 
ministered amount. He noted that the urine contained only minimal 
amounts. It would appear that the differences between his findings in the 
dog and in man^ might be explained by the fact that in the dog inositol 
produced diarrhea, but his findiixgs in the dog were corroborated by 
Dubin.^^ However, it should be noted that Bly ei found inositol to 
act as a cathartic. Greenwald and Weiss, who administered inositol to 
dogs with phlorhizin diabetes, found increases in urinary glucose that sug- 
gested most of the administered inositol had been utilized. 

C. INFLUENCE OF OTHER CONSTITUENTS OF DIET 
A. T. MILHORAT 

Considerable evidence has accumulated indicating that the composition 
of the diet influences the requirements for inositol. Thus, Best et aiy^ 
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have pointed out the necessity not only of dose-response curves but also 
of standardized dietary conditions for estimating requirements. These 
investigators observed that the lipotropic effect exerted by inositol when 
it is administered with fat-free diets is absent when the diet contains fat. 
Beveridge et in their studies with other lipotropic agents noted the 
influence of protein on the effect of these agents. In another study, Beve- 
ridge and Lucas^® stated the opinion that the antagonistic effect of corn oil 
on the lipotropic action of inositol might be due to the glycerides of (the 
essential fatty acids. Pertinent to this probk'm are the invest igationi of 
Dam and Glavind*-^® and Dam,^^ who showed that the effect of cod liver oil 
in increasing the exudative diathesis of vitamin E-deticient chicks may 'be 
counteracted by inositol. Handler-- obtained suggestive evidence* of a syner- 
gistic activity of inositol and tocopherol in his studies on the inhibition of 
the lipotropic action of inositol by unsaturated fatty acids. 

The role of B vitamins in increasing the lipotropic act ion of choline has 
been demonstrated by Gavin et alP and McFarland and McHenry.-^ 
The observation of Sure-^^ that, in the albino rat, inositol has an injurious 
influence on lactation which is counteracted by p-aminobenzoic acid is at 
variance with that of Climenko and McChesney,^® who in the same spc(*ies 
found that the addition of inositol to a diet containing B vitamins resulted 
in normal lactation. p-Aminobenzoic acid in these experiments had no sig- 
nificant influence on the effect of the inositol. Martin and Ansl^acther^’ 
and Martin^*^ had previously studied the effects of adding inositol and p- 
aminobenzoic acid to a diet containing thiamine, riboflavin, pyridoxiiu*, 
choline, nicotinic acid, and calcium pantothenate and reported that the 
addition of one produced a deficiency syndrome of the other. However, 
ErshofP® was unable to confirm these observations. Pantothenic acid was 
found by Woolley^® to influence alopecia in mice. Concomitant administra- 
tion of magnesium was found by Muset^^ to increase the effect of inositol 

J. M. R. Beveridge, C. C. Lucas, and M. K. O’Grady, ./. Biol. Ch^m. 164, 0 (1944); 

iUd. 160, 505 (1945). 

J. M. R. Beveridge and C. C. Lucas, J . Biol, Chem, 167, 311 (1945). 

H. Dam and J. Glavind, Science 96, 2.35 (1942). 

“ H. Dam, J. Nutrition 27, 193 (1944); ibid, 28, 289 (1944). 

« P. Handler, J. Biol. Chem. 162, 77 (1946). 

**G. Gavin, J. M. Patterson, and E. W. McHenry, J. Biol. Chem. 148, 275 (1943). 

M. L. MacFarland and E. W. McHenry, J. Biol. Chem. 176, 429 (1948). 

B. Sure, J. Nutrition 26, 275 (1943). 

D. R. Climenko and E. W. McChesney, Proc. Soc. Exptl. Biol. Med, 61, 157 (1942). 

G. J. Martin and S. Ansbachcr, Proc. Soc. Exptl. Biol. Med. 48, 118 (1941). 

^••G. J. Martin, Am. J. Physiol. 186, 124 (1942). 

/»• B. H. Ershoff, Proc. Soc. Exptl. Biol. Med. 66, 190 (1944). 

<0 D. W. Woolley, J. Biol. Chem. 140, 461 (1941); J. Nutrition 21, Suppl., 17 (1941). 

P. Puig Muset, Acta Med. Hispanica 36, (1947). 
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in decreasing the cholesterol content of guinea pigs given fats per os. 
More recently, Waldstein and Steigmann'*® noted that inositol had no 
effect on either the degradation or excretion of choline when these sub- 
stances were administered orally or by intravenous injection. Observations 
somewhat along the same lines were made by Diognardi and Magnoni,*® 
who observed that 300 mg. of inositol daily did not alter the amounts of 
trigonellin excreted in the urine by a normal subject. 

D. SYNTHESIS IN THE BODY 
A. T. MILIIORAT 

The demonstration of Needham' that rats could be maintained on 
inositol-free diets for periods as long as 8 months without diminution in the 
inositol (jontent of the body gave evidence that inositol can be synthesized 
in the organism. Even more convincing were his studies in which inosituria 
was experimentally induced for a period of 110 days; although there was a 
continuous and vigorous excretion of inositol, and the diet contained no 
inositol, there was no change in the amount of inositol contained in the 
tissues of the rat. PrcAuously VohP^ had isolated more inositol from the 
urine of a person with diabetes insipidus than could have been contained 
in the diet. 

Woolley'^ showed that the mouse can synthesize inositol when panto- 
thenic acid is present in the diet, but it is unable to carry out the syn- 
thesis w'hen pantothenic acid is absent. He observed, further, that the 
intestinal tmvi, of animals wdiich sliowed spontaneous cure of alopecia 
contained microorganisms which could synthesize more inositol than could 
the organisms from the intestines of mice that did not recover spontan- 
eously. Mitchell and IsbelP^ also have presented evidence of synthesis of 
inositol in the intestinal tract of rats. Johansson and Sarles®® have reviewed 
the general problem of intraintestinal synthesis of the B vitamins. Fenton 
et studied the cecal flora of mice and found that the presence or absence 
of inositol in the diet appeared to have no influence on the number of or- 
ganisms present. Seeler and Silber^* were able to maintain dogs in apparent 
good health for a period of as long as 4.5 years on a diet containing no sig- 
nificant amounts of inositol. These findings might suggest a synthesis of 
inositol in the body, but of course they do not offer definitive evidence. 

** S. S. Waldstein and F. Steiginann, Am, J. Digest, Diseases 19, 323 (1952). 

N. Diognardi and A. Magnoni, Acta Vitaminol. 6 , 264 (1951) [C. A. 46, 5707 (1952)]. 

H. Vohl, Arch, physiol. Heilk. 17, 410 (1858). 

H. K. Mitchell and E. It. Isbell, IJniv, Texas Publ. 4237, 125 (1942). 

H. R. Johansson and W. R. Sarles, Bacteriol. Revs. 18, 25 (1949). 

P. F. Fenton, G. R. Cowgill, M. A. Stone, and D. H. Justice, J. Nutrition 42, 257 

(1960). 

** A. 0. Seeler and R. H. Silber, Am, J, Med. Set. 209, 692 (1946). 
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Starkenstein” had early postulated that inositol may be destroyed in the 
intestines by bacteria, but data to support such a view are not available. 
The addition of sulfasuxidine to the diet was found by Nielsen and Black*® 
and Handler®® to increase the need for inositol, presumably as a result of 
inhibition of intraintestinal synthesis. 

»• E. Starkonstein, Z. cxpll. Path. 6, 378 (1908). 

E. Nielsen and A. Black, Proc. Soc. ExpiL Biol. Med. 66, 14 (1944). 
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I. Nomenclature and Formulas 

ROBERT S. HARRIS 

Accepted name: Vitamin K 
Obsolete names: Antihemorrhagic vitamin 
Phylloquinones 
Koagulations vitamin 
Coagulation vitamin 
Prothrombin factor 

Empirical formulas: Vitamin Ki: (^ 3 iH 4602 
Vitamin Ko: C 41 II 56 O 2 
Phthiocol: CnHsOs 
Menadione: C 11 H 8 O 2 

Chemical names: Vitamin Ki: 2-methyl-3-phytyl-l ,4-naphtho(iuinoiu 
Vitamin K 2 : 2-methyl-3-difarncsyl-l ,4-nai)htho(iui- 
noiie 

Phthiocol: 2 -methyl -3-hydroxy- 1 ,4-naphth()(j[uinorie 
Menadione: 2 -melh 34 -l ,4-napht]ioquinon(i 

Structure: 


O 



CII3 


c:h.. 



-CH2(CH=CCH.CIl2)6ClI=CCn« 
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CH3 


CH3 


Vitamin Kg 
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II. Chemistry 

H. J. ALMQUIST 

Th(^re had appeared, prior to 1935, several reports of modifications of 
the diot*’^ which had led to hemorrhagic symptoms or changes in the blood- 
(blotting power of the chicken. Although these reports may now be inter- 
preted in terms of vitamin K, they did not contain sufficient information 
which would clearly link the condition with a lack of a new vitamin-like 
factor, as distinguished from possible deficiency effects of known dietary 
rec|uisites, or toxic substances, impaired absorption, etc. 

In 1935, papers by Dam®* ® and by Almquist and Stokstad^®* furnished 
the first strong chemical evidencte of a new vitamin which was shown to be 
in the fat -soluble, n on-saponifiable, non-sterol fraction. It was also shown 
that the vitamin was formed in certain feedstuffs otherwise relatively free of 
it if these were subjected to the action of microorganisms. Schpnheyder'^, w 
made studies of blood composition in this deficiency disease and found a 
specific lowering of the prothi’ombin fraction, but no other abnormalities. 
This e\^idence, collectively, was sufficient to permit recognition of a new' 
vitamin, distinct from the known fat-soluble vitamins. 

A. ISOLATION 

(Ireen leafy material was found to be a relatively rich source of the vita- 
min. Th(‘ good heat stability of the vitamin^® made possible the use of 
commercially dehydrated alfalfa meal as a starting source for isolation 
studies. 

Extraction of the vitamin Avas carried out by means of a solvent such as 
ethyl ether, petroleum ether, or hexane. It was soon found that the vita- 
min was too labile during alkaline saponification to permit use of this step 
for the removal of green pigments and fats.*^*^® Chlorophyll and similar 

’ H. Dam, Hiochetn, Z. 216, 475 (1929). 

2 Tl. Dam, Nature 133, 909 (1934). 

3 H. Dam and F. Sch0nheyder, Hiochem, J, 28, 1355 (1934). 

W. F. Holst and K, R. Halbrook, Science 77, 354 (1933). 

A. A. Horvath, Am, J. PhyatoL 94, 65 (1930). 

® W. D. McFarlaiic, W. R. (Iraham, Jr,, and G. E. Hall, J, Nutrition 4, 331 (1931). 

’ W. D. McFarlaiie, W. R. Graham, Jr., and F. Richardson, Biochem. J, 26, 358 

(1931). 

* H. Dam, Nature 136, 652 (19:i5). 

®n. Dam, Biochem, J. 29, 1273 (1935). 

H. J. Almquist and E. L. R. Stokstad, Nature 136, 31 (1935). 

H. J. Almquist and E. L. R. fiiokstad, J, Biol. Chem. Ill, 105 (1935). 

F. Seh0nheyder, Nature 136, 653 (19351. 

'' F. Sch0nheyder, Biochem, J. 30, 890 (1936), 

'' H. J. Almquist, J. Biol. Chem. 114, 241 (1936). 
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coloring matter could be removed by adsorption on carefully added amounts 
of activated magnesium oxide or carbon. There followed a series of steps 
which consisted typically in chilling the preparations in various solvents 
to crystallize out impurities. By such means, for example, there was ob- 
tained a reddish oil which protected chicks against the hemorrhagic disease 
when fed at 2 mg. per kilogram of diet.^^ The vitamin was further purified 
in a molecular still, a fourfold concentration being effected.*® The hemor- 
rhagic disease in chicks was then prevented by 0.5 mg. of the preparation 
per kilogram of diet. 1 

Dam and Sch0nheyder*7 concentrated the vitamin by adsorption on cal- 
cium carbonate or sucrose. Dam et announced isolation of the vi^min 
in a highly purified form. Important details in the isolation steps wer^ dis- 
closed later by Karrer et aV^ \ 

McKee cl al?^ used primarily chromatographic- adsorption on Decalso 
and Permutit on a large scale in their isolation of the vitamin from a petro- 
leum ether extract of alfalfa meal and from putrified fish meal. Details of 
the procedures were published, ultimately, by Binkley et a/.-** Many other 
adsorbents were found to be inefficient or destructive for the retention of 
the vitamin. Repeated adsorptions yielded practi(;ally pure vitamin Kj. 

Tishler and Sampson^^ have isolated from Bacillus brevis a vitamin K 
which proved to be identical with the vitamin K 2 previously obtained by 
McKee et al?^ This isolation was accomplished by reducing the vitamin 
by hydrosulfite, then extracting it from a petroleum ether layer by dilute 
potassium hydroxide containing hydrosulfite, recovering the vitamin in 
petroleum ether on dilution of the alkaline layer with water, and crystal- 
lizing the product from chloroform and methanol. 

B. CHEMICAL AND PHYSICAL PROPERTIES 

Dam et aZ.*® reported their yellowish oil preparation to have constant 
composition and biological activity after repeated chromatographic ad- 
sorption. It contained carbon 82.2%, hydrogen 10.7%, and 2 atoms of 

H. J. Almquist, J, Biol. Chem. 117, 517 (1937). 

H. J. Almquist, J. Biol. Chem. 115, 589 (1936). 

H. Dam and F. Sch0nheyder, Biocheni. J. 30, 897 (1936). 

H. Dam, A. Geiger, J. Glavind, P. Karrer, W. Karrer, E. E. Rothschild, and H. 

Salomon, Helv. Chim. Acta 22, 310 (1939). 

P. Karrer, A. Geiger, R. Legler, A. Ruegger, and H. Salomon, Helv. Chim. Acta 

22, 1464 (1939). 

*®R. W. McKee, S, B. Binkley, D. W. MacCorquodale, S. A. Thayer, and E. A. 

Doisy, J. Am. Chem. Soc. 61, 1295 (1939). 

** S. B. Binkley, D. W. MacCorquodale, S. A. Thayer, and E. A. Doisy, J. Biol. 

Chem. 180, 219 (1939). 

M. Tishler and W. L. Sampson, Proc. Soc. Exptl. Biol. Med. 68, 136 (1948), 
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oxygen per molecule. Karrer and Geiger^* reported a provisional formula of 
C30-32, H46, 48 . or 60 , O2, and a molecular weight of 445 to 450. Doisy and 
coworkers had obtained two final products, one from alfalfa and one from 
putrified fish meal.*'*®’ The first was a yellow oil and was called Ki; the 
melting point was given as 53.5 to 54.5^® and 52.5 to 53.5.^^ The vitamin 
from alfalfa contained carbon 82.76 and 82.54%, and hydrogen 10.65 and 
10.66 %. Its molecular weight was determined as 443 to 464, and its probable 
formula as C32H48-60O2. Almquist and Klose^® investigated the alkaline deg- 
radation product of vitamin Ki. This derivative is weakly acid, which 
facilitates its purification. Analyses and molecular weight deteimination 
indicated a provisional formula of C31H60O4. This showed that no appre- 
ciable fragment of the vitamin had been split off and that 2 oxygen atoms 
and probably several hydrogen atoms had been added. At least one of the 
oxygen atoms was phenolic. The empirical formula of vitamin Ki is now 
known to be C31H46O2, and its molecular weight 450.37. Figure 1 shows the 
structural formulas of the various forms of vitamin K. 

The vitamin was found to be unstable to light.*®’ Phenyl isocyanate, 
cyanic acid, and dinitrobenzoyl chloride, which are reagents for an alcoholic 
hydroxyl group, did not form an isolatable derivative or affect the activity 
of the vitamin. Bromine was readily absorbed. Oxidation destroyed activity. 
A positive nitration test was obtained for an aromatic structure.^^ A di- 
acetate was formed upon rcducitiYe acetylation from which the vitamin 
could be regenerated.^*’ 

Almquist*® reported that the vitamin absorbed strongly in the ultraviolet 
range with considerable destruction. Dam et aZ.*® reported ultraviolet ab- 
sorption maxima at 248, 201, 270, and 328 mu. The extinction coefficient, 
for tbe 248 line was 280. McKee et al?^ found the extinction co- 
efficient at 248 to be 385 and suggested that their product was purer than 
the one described by Dam et al. However, the biological activity of prepara- 
tions from these laboratories was found to be equivalent in simultaneous 
assays by another laboratory .2® 

Ewing et aZ.®® investigated very carefully the ultraviolet absorption spec- 

** P. Karrer and A. Geiger, Helv. Chirn. Acta 22, 945 (1939). 

D. W. MacCorquodaJe, S. B. Binkely, R. W. McKee, S. A. Thayer, and E. A. 

Doisy, Proc. Sac. Exptl. Biol. Med, 40, 482 (1939). 

R. W. McKee, S. B. Binkley, S. A. Thayer, D. W. MacCorquodale, and E. A. 

Doisy, J. Biol. Chem. 131, 3^ (1939). 

H. J. Almquist and A. A. Klose, J. Biol, Chem. 130, 791 (1939). 

2’ A. A. Klose, H. J. Almquist, and E. Mecchi, J. Biol. Chem. 126, 681 (1938). 

** S. B. Binkley, D. W. MacCorquodale, L. C. Cheney, S. A. Thayer, R. W. McKee, 

and E. A. Doisy, J. Am, Chem. Soc, 61, 1612 (1939). 

H, J. Almquist and A. A. Klose, J, Biol. Chem. 130, 787 (1939). 

D. T. Ewing, J. M. Vandcnbelt, and O. Kamm, J. Biol. Chem. 131, 346 (1939). 
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tra of vitamins Ki and K 2 prepared by Doisy and eoworkers. Each vitamin 
showed maxima at 243, 249, 260, and 270 ma and a broad absorption in 
the region of 310 and 340. The at 249 mju was 540 for Ki aiid 305 
for K 2 . These extinction coefficients were higher than those reported pre- 
viously.^®* The purified vitamin Ki in hexane solution exposed to daylight 
decreased in absorption so fast that in 15 minutes the extinction coefficient 
at 249 was about 420 and at 1 hour about 350. The other maxima also 

cx)s:- 
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2-Methyl-3-hy(lroxy- 
1 ,4-naphthoquinone 
Plithioeol 



2-Mothyl< 1 ,4-naphthoquinoiie 
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Vitamin Ki 
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''CH,(CH=C-CH,-CH,),CH=C-CH, 


CH, 


CH, 


2-Methyl-3-difarnesyl-l,4-naphthoquinone 
Vitamin Ka 

Fig. 1. Forms of vitamin K. 


dropped similarly. Ewing et aU^ have further studied the absorption spec- 
trum of vitamin Ki, again finding evidence of rapid drops in absorption 
as the vitamin in hexane solution was exposed to ultraviolet light. A new 
value for the extinction coefficient at 249 m/x was given at 435 =b 5. The 
literature was thoroughly discussed. More recently, the extinction co- 
efficient for K 2 at 249 has been given as 520, which is consideral)ly 
higher than the earlier valuas.^^ It seems evident, therefore, that unless 
determined almost instantly after the vitamin was exposed to light th(^ 
absorption at 249 m/x would have decreased by an indeterminate amount 
and could hardly be used as a criterion of purity. 

D. T. Ewing, F. S. Tomkins, and O. Kamm, J. Biol. Chern, 147, 233 (3943). 
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At very low pressures, 10"^ to 10“"^ mm. of mercury, vitamin Ki could 
be distilled at 120 to 140° with little or no loss.^®’ Vitamin K 2 was distilled 
with some loss at 2 X 10“'* mm. and 200°. 

C. C.ONSTITUT10N 

The characteristic yellow color of these purified vitamins, flie loss of 
color upon hydrogenation, and its reappearance upon exposure to oxygen 
in air suggested that the vit-amins might be quinones.^* • Among a num- 
ber of bacteria tested Mycobacterium tuberculosis had been found to possess 



2,6,1 0-Trimet hy Ipent adecanone- 1 4 
Fig. 2. Oxidation products of vitamin Ki , 


appreciable vitamin K activity.*® The principal pigment in the lipids of 
this organism had been isolat ed and synthesized by Anderson and coworkers 
several years before.** The pigment, phthiocol, was 2-methyl-3-hydroxy- 
1,4-naphthoquiiione (Fig. 2). Certain features of the absorption curve and 
other properties of this compound compared closely with those reported 
for vitamin Ki. Synthetic phthiocol tested with vitamin K-deficient chicks 
was found to be distinctly active in restoring normal blood-clotting time 
and thus became the first completely identified form of vitamin The 
next step w^as to test the functional importance of the methyl and hydroxyl 

H. J. Almquist, C. F. Pentlcr, and E. Mecchi, Proc. Soc, Exptl. Biol. Med. 38 » 336 

(1938). 

H. J. Anderson and M. S. Newman, J. Biol. Chem. 101, 773 (1033). 

** H. J. Almquist and A. A. Klosc, J. Am. Chem. Soc. 61, 1611 (1939). 
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groups. Chick assays of the 2-methyl, the 2-hydroxy, and the 2-methyl-3- 
hydroxynaphthoquinone showed that the 2-methyl compound (see Fig. 1) 
was more active and the 2-hydroxy compound less active than phthiocol. 
This indicated that the methyl group was functionally important whereas 
the hydroxyl group seemed to reduce activity.®^ Phthiocol was readily 
brought into water solution which was effective by intramuscular or in- 
travenous injection. It is probably the first synthetic form of the vijtamin 
to be employed in human cases. I 

Confirming reports of vitamin K activity of these and c*ertain other syn- 
thetic and natural substituted naphthoquinones immediately appeared.^®-®® 
It had also been noted that the absorption spectrum of 2,3-dimethyl\l ,4- 
naphthoquinone most closely resembled that of vitamins Ki and K 2 ,\and 
it was suggested that the vitamins were derivatives of 1 ,4-naphthoquin'one 
with side chains at the 2 and 3 positions. 

Since it had become plainly evident that the active nucleus of the natu- 
rally occurring vitamin was represented by 2-methyl-l ,4-naphtho(|uinone 
with substituents at position 3, the remaining problem in the cases of vita- 
mins Ki and K 2 was to determine the nature of the substituents. Mac- 
Corquodale et have published the details of their studies on the struc- 
ture of vitamin Ki. Oxidation with chromic acid resulted in the formation 
of a mixture from which two acids were isolatc^l. One of these was phlhalic 
acid, and the other was ultimately identified with 2-methyl-l ,4-napthoqui- 
none-3-acetic acid by comparison of melting point and other })roperties 
with those of products synthesized for this purpose. A comparable a(‘id 
was obtained from the oxidation of diacetyl dihydro vitamin Ki (Fig. 2), 
Also among the oxidation fragments was a ketone which could be sep- 
arated by steam distillation. This was found to be identical with 2,6,10- 
trimethylpentadecanone-14, which was previously known to be formed in 
the oxidation of phytol (Fig. 2). Phytol, if present as a side ('hain on the 
vitamin, was evidently located so that its double bond was between the 
second and third carbon atoms from the quinone ring, since this was the 
point of scission upon oxidation. The formula of vitamin Ki was given as 
2-methyl-3-phytyl-l ,4-naphthoquinone (Fig. 2). 

H. J. Almquist and A. A. Klose, J , Avi. Chem, Soc, 61 , 1923 (1939). 

S. Ansbacher and K. Fcniholz, J , Am. Chem. Soc. 61 , 1924 (1939). 

” L. F. Fieser, D. M. Bowen, W. P. Campbell, M. Ficser, E. M. I>y, U. N. Jones, 
B. Riegel, C. W. Schweitzer, and P. G. Smith, J. Am. Chem. Soc. 61 , 1925 (1939). 
«« L. F. Fieser, D. M. Bowen, W. P. Campbell, E. M. Fry, and M. D. Gates, Jr., 
J. Am. Chem. Soc. 61 , 1926 (1939). 

S. A. Thayer, L. C. Cheney, S. B. Binkley, D. W. MacCorquodale, and E. A. Doisy, 
/. Am. Chem. Soc. 61 , 1932 (1939). 

« D. W. MacCorquodale, L. C. Cheney, S. B. Binkley, W. F. Holcomb, R. W. McKee, 
S. A. Thayer, and E. A. Doisy, J. Biol. Chem. 181 , 357 (1939). 
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McKee et al?^ stated that vitamiii K2 was a 2 ,3-substituted naphthoqui- 
none with six double bonds in the side groups. It would take up 9 molecules 
of hydrogen, 3 for the naphthoquinone portion. Iodine absorption indicated 
6 molecules of halogen taken up by non-aromatic unsaturated bonds. Upon 
oxidation vitamin K2 yielded the same tjuinone acid (or aldehyde) and 
phthalic acid that had been obtained from Ki (Binkley et aU^). The vitamin 
K2 was, evidently, similar to Ki, but with a much longer side chain at posi- 
tion 3. Fragments of the side chain were isolated and identified as acetone 
and levulinaldehyde in a mole ratio of 1 :5 per mole of K2. This aldehyde is 
also obtainable from the oxidation of farnesol. A structural formula was 
proposed having two farnesyl groups linked together to form a long side 
chain at position 3 (Fig. 1). The empirical formula was given as C41H56O2. 

D. SYNTHESIS 

Synthesis of vitamin Ki was accomplished by simple procedures. It was 
evident that a phytyl side chain would account for the difference in molec- 
ular weight between the methylnaphthoquinone and vitamin Ki. 2-Methyl- 
3-phytyH, 4-naphthoquinone was synthesized by Almquist and Klose^^ by 
coupling methylnaphthoquinone with phytyl bromide in petroleum ether 
and glacial acetic acid in contact with zinc dust. The product was refined 
in a molecular still. It exhibited color, oily form, color reaction, carbon 
and hydrogen analysis, and biological potency very similar to those of 
vitamin Ki. 

Doisy and coworkers^® submitted a report of synthesis of the same com- 
pound by condensing phytyl bromide with the monosodium salt of 2- 
methyl-l,4-naphthohydroquinone in benzene, and by direct coupling of 
phytol and methylnaphthoquinone with zinc chloride. Details of these 
methods were given later Fieser^^ carried out the synthesis of this com- 
pound by condensation of phytol with methylnaphthoquinone in dioxane 
with oxalic acid as catalyst. These preliminary reports appeared in the 
same issue of the same journal. Synthesis of vitamin K2 has not yet been 
accomplished. 

The ultraviolet absorption of synthetic vitamin Ki was identified with 
that of the natural vitamin^^ (Fig. 3). 

S. B, Binkley, R. W. McKee, S, A. Thayer, and E. A. Doisy, J, Biol. Chem. 133, 

721 (1940). 

** H. J. Almquist and A. A. Klose, J. Am. Chem. Soc. 61, 2557 (1939); J. Biol, Chem, 

182, 469 (1940). 

S. B. Binkley, L. C. Cheney, W. F. Holcomb, R. W. McKee, S. A. Thayer, D. W. 

MacCorquodale, and E. Doisy, J. Am. Chem. Soc. 61, 2558 (1939). 

L. F. Fieser, Am. Chem. Soc. 61, 2559 (1939). 
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E. SPECIFICITY 

In contrast to the history of most other vitamins, synthesis of vitamin Ki 
did not prove to be the ultimate goal in the search for antihemorrhagic 
vitamins. Immediately after the report on phthiocol,^ a number of com- 
munications appeared on tests of other naphthoi^uinones, mostly based 
upon rapid curative assays which may be done in a few hours. Ansbacher 
and Fernholz®® confirmed the a(‘.tivity of phthiocol and indicated an even 



Fig. 3. Ultraviolet absorption spectrum of s^mtheiicr vitamin Kj . (From Ewing 
et aZ.«) 

higher potency for 2-methyl-l, 4-naphthoquinone than reported by Alm- 
quist and Klose®® or Thayer ct alP Ultimately, this compound was reported 
to have a greater activity than vitamin Ki, by two to three times.^®* 
Methylnaphthohydroquinone was equally as aedive as its oxidized 
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S. A. Thayer, R. W. McKee, S. B. Binkley, and E. A. Doisy, Proc. Soc. Exptl- 
Biol. Med. 44 , 585 (1940). 
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The diesters of this compound were also found to be active. The 
bisulfite addition product of methylnaphthoquinone is water soluble and 
highly active.^® A number of other compounds ei^ily convertible to methyl- 
naphtho(^uinone in metabolism probably owe their activity to such con- 
version. Among these are l-hydroxy-2-methyl-, 1 -hydroxy -3-methyl-, and 

1- amino-2-methylnaphthalene, 3-mothyl-l-tctralonc, and 2-methyl- l-tetra- 
lone.^ The water-soluble compounds, 4-amino-2-methyl-l-naphthol hydro- 
chloride and 4-amino-3-melh3d-l-uaphthol hydrochloride were found to be 
approximate!}'' as polcnt as vitamin Kj.^^ Using the C.-raven’s ethyl cyano- 
acetate color reaction for quinones as a quantitative method, Richert^® 
demonstrated the biological (*.onversion of 4-amino-2-melhyl-l-naphthol, 

2- m(^thyl-l ,4-naphthohydro(iuinone diphosphate, and 2-methyl tetralone 
to methyl napht.luxiuinone. The excretion of the latter in the urine of the 
rabbit and chicken increased significantly when any of the first three were 
fed. 

Several naturally occairring 3-hydroxynaphthoquinones having a larger 
side chain in place of the methyl group of phthiocol were reported to show 
some activity,-^^ but this could not be confirmed.^® - Among these were 
lapachol, hydrolapa(*hol, and lomatiol. 1 -Methyl -2-hydroxy-, 2-methyl-3- 
hydroxy-, and l-melhyl-4-hydroxy naphthalenes were not appreciably ac- 
tive.^^ A discussion of the relation of structure to activity has been pub- 
lished by P'ieser ct aiy- 

Tn view of the results with the above-mentioned compounds it was sur- 
prising that the 2-methyl- 1 ,4-naphthohydrociuinone diphosphoric acid es- 
ter was found to be more active on a molecular basis than the parent methyl- 
naphthoquinone.'^^* ^^* The corresponding disulfate, however, was 
markedly less potent.^- * These differen(*cs may be related to differences 
in speed of absorption oi* of regeneration of the methylnaphthoquinone. 
The interest in these and other wateixsoluble forms of vitamin K hinges 
on their greater convenience for injection and their independence on bile 
or bile salts for absorption from the alimentary tract. 

Comparative five-day assays of vitamins Ki and Ko have indicated that 
the relative poteiudes are in the ratio of 1.25:1.^® This is the approximate 
ratio of the amount of the active methylnaphthoquinone nucleus contained 
in each. Assays by shorter procedures have indicated a potency ratio of 
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approximately 1 .5,^® which may mean that Ki is more rapidly absorbed or 
metabolized than K 2 during a short period of time. It is obvious, however, 
that the long side ehaind^3ii these vitamins are not specifically required 
for activity. , 

An additional form of vitamin K has been reported in extracts of alfalfa.®® 
This form did not give the typical strong color reaction in sodium ethylate 
which has been reported^*" for vitamin Ki yet it showed considerable po- 
tency.®® The product was nearly colorless. Vitamin Ki has been converted 
into a 2,3-oxido derivative, a nearly colorless oil, which gives no cqlor re- 
action with sodium ethylate and resembles in these respects the ^cond 
form of vitamin K reported to be in alfalfa.®^ This second foi*m may be one 
which was reported as existing in the form of relatively colorless crj^stals 
at low temperature after isolation from alfalfa.®- \ 

Antihemorrhagic acitivity in the anthraquinone series was investigated 
briefly by Almquist and Klose,^^ who found no a(‘tivity in anthraquinone 
and 1 ,2-dihydroxyanthraquinone, and by Thayer ei who found none 
in phenanthraquinone, anthraquinone sulfonic acid, and dihydroanthra- 
quinone diacetate. Martin and Lischer®* extended these studies and de- 
tected very slight a(*tivity in 1 ,2,4-trihydroxyanthraquinone and certain 
other polyhydroxyanthraquinones having three hydroxyls on one ring. 
These workers suggested that such polyhydroxy compounds might be more 
labile to ring rupture and subsequent formation of 2 ,3-substituted naptho- 
quinones. 

A few distinct examples of activity are known where conversion to meth- 
ylnaphthoquinone does not seem possible. 2,5-Dimethylbenzoquinone and 
perhaps certain other substituted benzociuinones have very low but meas- 
urable activity.®® ®® A degradation product of vitamin E, a-tocopherylqui- 
none, appears to have slight antihemorrhagic activity.®® It is a benzoqui- 
none with three methyl groups and a long side chain derived from phytol. 
This compound is also reported to l)e antagonistic^ to vitamin K.®®“ Both 
of these reports may be correct if the a-tocopherylquinone displaces vita- 
min K from an enzyme system forming another enzyme of very low but 

»• S. A. Thayer, R. W. McKee, S, B. Binkley, D. W. MacCorquodale, and E. A. Doisy , 
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positive aritihemorrhagic efficiency (somewhat after the mechanism pro- 
posed by Quic.k and Collentine®0. 3-Methyl-4-hydroxycoumarin also ap- 
pears to have activity.*^ This compound may be regarded as analogous to 
phthiocol in which the 4-carbonyl has been replaced by an oxygen atom. 

Several reports have appeared of aritihemorrhagic activity of phthalic 
acid and its diesters.®® However, Dam^® was unable to detect any activity 
in potassium acid phthalate or diethylphthaJate, Blumberg and Arnold’'^ 
carried out further investigations on this question but were unable to de- 
tect any activity in diethyl-, dipropyl-, diisopropyl-, or dibiitylphthalate, 
even at high levels per chick. The diethyl ester also showed no antagonistic 
action to methylnaphthoquinone. 


III. Industrial Preparation 

ROBERT S. HARRIS 

There is no important demand by the food industries for vitamins K 
as concentrated from natural sources or as synthesized, because the amounts 
present in the food supply and the amounts synthesized in the intestinal 
tracts of most species, including man, arc adequate for noimal individuals. 

The clinical demand for vitamins K is now met by synthetic, processes. 
Concentrates prepared^ from natural sources are sometimes preferred be- 
cause they contain vitamin Ki. Synthetic vitamin Ki is also available,^* * 
but it is not widely used because of high cost of production. Synthetic 2- 
methyl-1 ,4-iiaphthoquinone^“*® is now preferred in the clinici beciause it is 
highly effective and least expensive to produce. 
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Because vitamins Ki and K 2 and also 2-methylnaphthoquinone are fat- 
soluble, it is necessary that bile acids be present for their proper absorption 
from the intestinal tract. Water-soluble forms of \dtamin K can be ab- 
sorbed as such and are more effective in cases where the flow of bile is im- 
paired; furthermore they are useful for intravenous injection. Several 
water-soluble forms have been introduced commercially: 2-methyl-l ,4- 
naphthohydroquinone-3-sodium sulfonate, 4-amino-2-mcthyl-l-naphthol 
hydrochloride, and sodium 2-methyl-l ,4-naphthoquinone drihosi- 
phate.^'^'^^ ' 


IV. Biochemical Systems ^ 

H. J. ALMQUIST 

Very little is known concerning the mechanism by which vitamin K- 
active substances promote the formation of prothrombin. Vitamin K is not 
found to any significant extent in blood. Large quantities of the prothrom- 
bin fraction of normal (thicken blood fed to small vitamin K-deficient chicks 
failed to effect a cure.^ Dried beef blood fed at 10% of the diet to defi- 
cient chicks also showed no activity.^ The vitamin in conta(^t with pro- 
thrombin-deficient (hick blood in vitro does not accelerate clotting.' • ® Even 
the more water-soluble forms such as the methylnaphthoquinone, phthiocol, 
and the diphosphoric acid ester have no direct effect on deficient chi(*,k 
blood.2 When vitamin Ki emulsion is given intravenously to deficient chicks, 
the prothrombin does not rise immediately but requires at least 5 hours 
to reach a normal level.' It is unlikely that the vitamin occurs in blood 
except in transport . Therefore, the vitamin does not seem t o act as a pros- 
thetic group in combination with any blood elements. 

That the principal site of prothrombin formation is the liver is indicated 
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by much evidence. Andrus ci al^ and Warren and Rhoads® found that re- 
moval of the liver from dogs was followed by a blood prothrombin drop 
which could not be prevented by administration of vitamin K and bile 
salts. Warner® reported that removal of two-thirds of the liver from rats 
caused a decrease in blood prothrombin. Liver damage from such toxic 
agents as c.hloroform also impairs prothrombin formation.^* ® Traumatic 
injury to the liver can cause a marked loss of blood prothrombin.® Pro- 
thrombin loss from these causes is not readily alleviated by vitamin K. 
For other examples of liver damage and prothrombin deficiency, the reader 
is r(if erred to a review by Ferguson.’® 

In marked (contrast to t he chick and other species, the dog is reported 
to utilize methylnaphtho(iuinone less efficiently than Ki.” Quick and Col- 
lentine’’ have proposed that vitamin Ki is a prosthetic; group on an enzyme 
in liver which takes part in the formation of prothrombin. This subject 
is discussed more fully in Section VIII of this (;hapter. 

The suggestion has be(;n advanced that vitamin K-active cpiinones act 
through their oxidati(m-re(lu(;tion powers.’* The redox potential values 
found were 328 for vitamin Ki, 458 for 2-methyl-l ,4 -naphthoquinone, 
and 250 for plithiocol, which are in same general order as the potencies 
of those compounds. Trenner and Bacher’® have also reported some stand- 
ard oxidation-reduction potentials which are of the same order for the 
compounds mentioned above. Within the same range are found some naph- 
thoquinones which possess practically no vitamin K activity, so it is evi- 
dent that potcMicy is not a simple matter of redox activity, yet this is not 
excluded as a factor in potency. 

Nothing has yet been reported to link vitamin K and its homologs in 
moderate doses to any body component other than prothrombin. Defi- 
ciency of the vitamin has no effect on growth until animals become ill be- 
cause of hemorrhages.’^ Lesions or erosions of the chick gizzard lining were 
observed’^' but did not prove to be a (;haracteristic symptom of vitamin 
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K deficiency. Although crude sources of the vitamin would protect against 
gizzard erosion, more purified fractions did not, nor did any of the known 
vitamins. The existence of a separate unidentified anti-gizzard erosion factor 
was shown.^® Further evidence on the non-identity of these factors was 
found when it was observed that pure bile acids, especially cholic acid, 
in the diet would protect the gizzard lining irrespective of large or no in- 
take of vitamin K or prolonged clotting time.^^’ Arachidonic acid has 
been reported as the gizzard erosion preventive agent in fats.^® 

Hypoprothrombinemia induced in chicks by vitamin K deficiency W by 
adding dicoumarol to a practical diet does not furnish any histological 
evidence of liver damage.^® \ 


V. Estimation 

H. J. ALMQUIST 

A. BIOLOGICAL ESTIMATION 

The biological assay for vitamin K must be viewed in a somewhat differ- 
ent light from that of certain other vitamins. General dietary deficiency 
in humans is practically unknown, and only in a few pathological or emer- 
gency conditions and in pregnancy is administration of the vitamin indi- 
cated. Synthesis of the vitamin by micToorganisms in the intestinal tract 
is usually sufficient to supply the needs of most animals, except fowls. Ample 
supplies of cheap synthetic forms and substitutes render dependence on 
natural sources of minor importance. 

The assay methods therefore, are still primarily for research and may 
differ greatly, depending upon the nature of the investigation. If intended 
for the study of comparative potencies of vitamin K-ac.tive substances, a 
relatively simple and convenient assay with the chick may suffi(*e. On the 
other hand, a study of the metabolism of vitamin K or of some substance 
similar or synergistic or antagonistic to vitamin K may require a more 
specific measurement of blood components and excretion products. For 
general purposes it would seem advisable to employ an assay method which 
is as simple as possible and which alters the blood from its natural compo- 
sition to the least extent compatible with a degree of accuracy. No assay 
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method as yet devised is free from some theoretical objections; nevertheless, 
there are several good procedures which may yield results as consistent and 
reproducible as can generally be expecited from a bioassay with animals. 

The early development of knowledge on vitamin K was accompanied 
by the usual mistakes and errors in bioassays whic^h have not been uncom- 
mon with other vitamins. More specifically, the sources of error included 
the following. 

1. The test animals were so few that individual variability was a large 
factor in the accuracy of the data. 

2. The assay time was too short (in some cases only a few hours), there- 
by placing more emphasis upon speed of absorption than upon intrinsic 
potency in an equilibrated animal. 

3. The dose level was too high or too low, placing the response outside 
the most sensitive range. 

4. The vitamin was lost or destroyed during assay, as by volatility or 
oxidation when dispersed over the large surface of a ground diet, or the 
sharply increased sensitivity to light in purified preparations of the vita- 
min.^ 

5. The test animals Avere exposed to the dust of green plants containing 
vitamin K or other antihemorrhagic materials ((»ases are known in which 
alfalfa dust and the manufacture of 2-methyl-l ,4-naphthoquinone nearby 
were sufficient to vitiate an assay). 

6. OAviug to ba(*.terial contamination and synthesis of the vitamin, some 
ingredient of the diet, may unexpectedly contain vitamin K. Also, cop- 
rophagy may be a significant source of the vitamin. 

1. Animals 

The young chick is the most readily depleted animal and has been used 
almost exclusively. The chick presents a further advantage in that the 
platelets do not furnish thromboplastin which might affect the clotting 
power of the blood sample.^ 

Chicks from good sto(;k fed practical breeder rations are most desirable. 
Although a carryover of the vitamin from the parent hen to the chick may 
be demonstrated,®' this does not seriously interfere with depletion of the 
chick. Rapid chick groAVth is most desirable since it leads to earlier deple- 
tion of the chick in respect to vitamin K. 

Attempts to use the rat for the study of vitamin K have not been suc- 
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cessful quantitatively except when the bile is diverted away from the gut 
by ligation of the bile duct, thus interfering with absorption.^* ® Bile- 
fistula dogs have been used in studies of vitamin K and blood prothrom- 
bin level.® Dogs in which the bile was diverted to the kidneys also became 
vitamin K deficient and were used for estimating the requirement of this 
species.^ Individually standardized rabbits were employed in the investiga- 
tions of the hemorrhagic sweet-clover disease which also produces prothrom- 
bin variations in the blood.® 


2. Diet \ 

The formulation of a succiessful diet involv(\s the problem of avoiding 
ingredients which may contain vitamin K, at the same time providing\^all 
other nutrients for substantially normal maintenance and growth of the 
animal during the period of the assay. For the chick assay, the basal test 
ration® given in Table I, or minor variations of it., has been widely used. 

The ration is principally ground polished rice, (*hosen be(‘ause this type 
of cereal is free of vitamin K or any extraneous material that may (*ontain 
the vitamin. As a protein supplement to the polished ri(‘e, the most satis- 
factory single product is sardine fish meal that has been extracted (*oiitin- 
uomsly with ethyl ether for 24 hours or more to remove small amounts of 
vitamin K. The fish meal also provides most of the mineral supplements in 
the form of bone and trace (dements. Instead of the 17.5 parts of fish meal 
a mixture of 12.0 parts of ether-extracted casein, 2,5 parts of ether-ex- 
tracted gelatin, and 3.0 parts of bone ash may be used. 

Dried brewer’s yeast is a convenient source of the water-soluble vitamins 
required by the chicks. The yeast should be extracted with ethyl ether to 
remove possible traces of vitamin K. The full amount specified is needed 
to supplement the ration adequately in the well-known and less well-known 
vitamins and dietary factors of the water-soluble class required by chicks. 

Cod liver oil U.S.P. is recommended as a source of vitamins A and I). 
Other types of animal feeding oils have been found to contain significant 
amounts of vitamin K and should not ])e used in vitamin K assay. Puri- 
fied 0-carotene and synthetic vitamins A and D may also be used in an 
oil such as refined (‘ottonseed oil with an antioxidant , such as hydrociuinone. 

* J. E. Flynn and E. D. Warner, Proc. Soc. Expil. Biol. Med. 43, 190 (1940). 
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The ration is probably deficient in vitamin E. However, the storage of 
this vitamin in (thicks from hens fed practical diets is sufficient to carry 
the chi(*ks over the short period required for a vitamin K avssay. Addition 
of vitamin E to the ration is not advisable, since some of the oxidation 
product s of vitamin E that may be formed possess antihemorrhagic activity. 

A diet- has been proposed in which the grain portion is heated for 1 week 
at 120°.'® ("hicks grow very poorly on such a diet, and it is doubtful if it 
I)()ssesses any real advantage over the one des(‘ribed above. Multiple de- 
fi(*iencies should be avoided in l:)i(>logical assays. Another proposed diet” 
is extremely delicient in (‘alcium for the chick, and it is difficult to under- 
stand how (thicks could survive and groAv on the diet as des(Tibed. 

TABLE I 

Basal Ration for Chick Vitamin K Assay 


Ingretlicnt Per cent 


Sardine meal, ether extracted 17.5 

Dried brewer’s yoast, ether cxlracted 7.5 

(Jround jKdished rice 72.5 

Cod liver oil 1.0 

('alcium carbonate 0.5 

Salt, common (contains 0.5% Mn in form of the sulfate or carbonate) 1 .0 


3. Administration of Supplements 

("onsiderable influence on potency by the (carrier of the vitamin supple- 
ment has l)een reported. Danid" found 2-methyl- 1 ,4-naphthoquin()ne to be 
three times as potent- when given orally in oil as compared to water, whereas 
Ansbacher ei aV^ reported the quinone to be twice as potent in water as in 
oil. Almciuist and Klose'"' obtained the same potency for the (luinone in 
water and ethyl laurate solutions. Vitamin Ki manifested different po- 
tencies in reference to 2-methyl-l ,4-naphthoquinone, depending upon the 
volume of oil carrier in a very short (b-hour) assay.' Whatever solvent is 
chosen, it should be the same and in the same volume per dose for the as- 
sayed substances as for the standard employed, so far as possible. 

Methods for parenteral administration have also been used. Phthiocol 
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“ S. A, Thayer, R. W. McKee, S. B. Binkley, and E. A. Doisy, Proc. Soc. Exptl. 

Biol. Med. 44 , 585 (1940). 
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showed the same potency whether given orally, intramuscularly, or intra- 
venously.** 2-Methyl-l ,4-naphthoquinone appeared somewhat less potent 
by the intravenous route.’ • An emulsion of vitamin Ki was effective by 
intramuscular but not by subcutaneous administration.** 

For most purposes the oral dosing for 4 to 5 days should lead to a satis- 
factory assay. If a quantitative assay is desired, a definite level of in- 
take should be maintained in the test animal for a sufficient period of time 
so that potency-modifying factors such as solubility, absorption, and ra^ of 
metabolism have been able to approach a balance or plateau of influence 
on activity. A period of 3 to 4 days is required for the depleted chick to 
become adjusted to intake levels of the vitamin in an assay range. If \he 
work of setting up an assay has been carried out properly, the extra 3\or 
4 days is only a small addition to the task and may lend greater precisidh. 
From the emergency standpoint, there is perhaps some advantage in a 
very short, assay which will evaluate a compound as much from its speed 
of action as its intrinsic poten(;y. For example, the effec.tivc dose of vitamin 
Ki is greater for a 0-hour assay than for 18 hours.^** -* These are matters 
to be adjusted to the particular problem and the purpose of tlie antihemor- 
rhagic substances. 

Dam and S0ndergaard have recently shown that in promoting prothrom- 
bin restoration in depleted (*hicks vitamin Ki is more rapidly effective than 
menadione or the sodium salt of the corresponding hydrociuinone diphos- 
phoric acid ester.®*® 

4. Measurement of Supplement Effect 

The earliest quantitative measurement of supplement effect was the 
simple clotting time of whole blood. If a sufficiently large number of chicks 
is included in each group, the average blood-clotting time for t he group has 
a fairly close relation to the activity of the supplement, like that of the 
prothrombin time as illustrated in Fig. 4.®® Some objections to simple whole 
blood-clotting time may be mentioned. 

1. Blood-clotting time may remain nearly normal jvhen the blood pro- 

H. J. Almquist and A. A. Klose, J. Am, Chem. Soc, 61 , 1923 (1939). 

D. Richert, S. A. Thayer, R. W. McKee, S. B. Binkley, and E. A. Doisy, Proc. 

Soc, Exptl. Biol, Med. 44 , 601 (1940). 

H. Dam, J. Glavind, L. Lewis, and E. Tage-Hansen, Skand. Arch. Physiol. 79, 121 

(1938). 

H. J. Almquist and A. A. Klose, J, Biol. Chem. 180, 787 (1939). 

E. Fernholz, S. Ansbacher, and H. B. MacPhillamy, J. Am, Chem. Soc. 62 , 430 

(1940). 

« L. F. Fieser, M. Tishler, and W. L. Sampson, J. Biol. Chem. 187, 659 (1941). 

. H. Dam and E. S0ndergaard, Experientia 9 , 26 (1953). 

' H. J. Almquist, E. Mecchi, and A. A. Klose, Biochem. J. 82 , 1897 (1938). 
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thrombin level is less than half the normal, and it is probably less sensitive 
to moderate reductions in prothrombin.^® 

2. Blood-clotting time may be influenced by tissue juice or extract. It is 
nearly impossible to avoid contamination with tissue juice completely by 
any method of withdrawing blood samples that is not almost hopelessly 
laborious when applied to a large number of chi(^ks. 



0.2 0,6 1.0 1.4 1.8 

Log vitamin K dosage x 10 


Fig. 4. The relation of the reciprocal prothrombin time to the logarithm of the 
vitamin K intake. Numbers have been multiplied by 10 for convenience in plotting. 
Curves 1 and 2 from data by Almiiuist and Klose.® Curve adapted from data by 
Stamlor et Curves 4, 5, 6, and 7 from data by Quick and Stefanini.“ 

3. Blood-clotting time may actually decrease in certain chicks after 
severe loss of blood. For this reason it is not advisable to test all chicks for 
blood-clotting time before administering supplements. 

4. Blood-clotting time is measured in periods from 2 to 30 minutes or 
longer. It is often impossible to obtain any distinct values from certain 
chicks with prolonged clotting time. 

To avoid the above objections, Almquist and Klose® employed for vita- 
min K assay the ^^prothrombin-time” method of Quick,^'- ^ which depends 

»» R. T. Tidrick, F. T. Jovce, and H. P. Smith, Proc. Soc. ExptL BioL Med, 42, 853 

(1939). 

A. J. Quick. Am. J. Physiol. 118, 260 (1937). 
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more specifically on the blood prothrombin level and, in turn, the effect 
of vitamin K supplements on the prothrombin level. The improved method, 
while requiring more preliminary preparation, has several advantages over 
simple blood-clotting time, namely: 

1. A larger sample of blood is used and is, therefore, more likely to be 
an accurate sample from the chick. 

2. Measurements are made in seconds rather than minutes, an^ the 

gathering of the final data is expedited. Determinations can be made in 
duplicate. \ 

3. Conveniently measurable values can be obtained from every chidk. 

4. The variability of the results within a test group is much lower \han 

that of the simple blood-clotting times-^. 2 b (Table II). ^ 

TABLE II 

Means, Standard P'brors, and Coefficients of VAiiTABii.iTy of Simple 
liLOOD-(.^. LOTTING TiMES, AND WlIOLE BloOD-PrOTHUOMBI N 

Times 


Reference 
standard of 
vitamin K per 
kilogram of diet, 
mg. 

No. of 
chicks 

Blood-clotting time 

Whole blood-prothrombin time 

Mean and standard 
error, min. 

Coeflicicnl 

of 

variability 

Mean and 
standard 
error, sec. 

rocfficient 

of 

variability 

3 

15 

10.07 ± 2.31 

61.1 

51.2 ± 1.9 

17.1 

6 

15 

3.42 ± 0.55 

60.2 

37.3 ± 1.0 

0.6 

12 

15 

1.97 dr 0.37 

72.1 

30.5 =t 0.5 

6.1 


Blood samples may be taken simply by cutting off the head of the chic^k.^ 
Samples have also been taken from a carotid artery,-*^ or from a jugular 
vein,^^- or from a wing vein.”* Prothrombin has been determined by an 
elaborate two-stage method, or by a method in which the ratio of the 
strength of a clotting agent (thromboplastin) recpiirenl to clot the plasma 
in a specified time to the strength recjuired to (*lot- normal plasma-® is de- 
termined. The reader should consult the original papers for details of these 
methods. 


5. Computation of Results 

It was found that over the sensitive assay range a plot of tlie reciprocal 
mean prothrombin time against the logarithm of the vitamin K dosage 

** H. J. Almquist, Physiol. Revs. 21, 194 (1941). 

H. Dam and J. Glavind, Biochem. J. 82, 485 (1938). 

” F. W. Stamler, 11. T. Tidrick, and E. D. Warner, J. Nutrition 26, 95 (1943). 

E. D. Warner, Expil. Med. 68, 831 (1938). 

29 H. J. Almquist and E. L. R. Stokstad, /. Nutrition 14, 235 (1937). 

*9 H. P. Smith, E. D. AVarner, and K. M. Brinkhous, /. Exptl. Med. 66, 801 (1937). 
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yields practically a straight line.^ This relation, although possibly only 
empirical, proves t o be applicable to data from different laboratories, using 
different procedures for estimating prothrombin and different methods of 
adminivStering supplements (Fig. 4). 

Stamler et employing this relation to compare calculated prothrom- 
bin levels with observed levels, have stated that the agreement is not “very 
exact.’' Very exact results are rarely obtained in biologic^al assays; never- 
theless the data plotted by the direct method of Almquist and Klose^ ap- 
pear to be quite consistent (Fig. 4, curve 3). Quick and Stefanini^^ have 
objected to the use of an extract of chicken muscle instead of c;hicken brain 
as a clotting agent for prothrombin determination. Whether or not this 
criticism is important, the assay method operates well with either prepara- 
tion (Fig. 4, curves 1 and 2 ). Of course the linear relation no longer holds 
after an optimal prothrombin level or time has bt^en reached. 

In any assay it is desirable to establish some such line by means of at 
least two groups fed different levels of a standard preparation, such as 
2 -methyl-l ,4-naphthoquinone. It is then possible to interpolate and express 
the potency of an assayed supplement in terms of the reference standard.®^ 
Reproducibility of results by this method has been adequately demon- 
strated. 

Another method is to measure whole blood-(‘lotting time to the nearest 
minute and then to compare the percentages of the (thiciks in which the 
(ilotting time is reduced to 10 minutes or less;*'*^ or the (luantity of material 
which will cure 50 % of the group by the above criteria may be estimated 
from several dose levels.*® This is called the CDso and is compared Avith the 
CDso of some standard substance which was employed in the same assay. 
Improved methods have been suggested from time to time. The reader is 
referred to papers l^y Almquist,*^ Quick and Siefanini,^^ Stamler ct 
and Dam et aL^ 


6. Standards of Potency 

It has been suggested*^ that the highly potent compound, 2 -methyl-l ,4- 
naphthoquinone, can be employed as a standard of activity and that 1 
unit be defined as the antihemorrhagic activity of 1 7 of this compound. 
The name menadione has been adopted as a non-proprietary term for this 

H. J. Almquist, Biol, Symposia 12 , 508 (1947). 

S. Ansbacher, J. Nutrition 17, 303 (1939). 

S. A. Thayer, D. W. MacCorquodale, H. W. McKee, and E. A. Doisy, J. Bi^^ 
Chem, 123 , exx (1938). 

®*H. Dam, I. Kruse, and E. S0ndergaard, cited by H. Dam, Ann. Rev. Biochem, 20 , 
265 (1951). 

S. A. Thayer, S. B. Binkley, D. W. MacCorquodale, E. A. Doisy, A. D. Emmett, 
R. A. Brown, and O. D. Bird, J. Am. Chem. Soc, 61, 2563 (1939). 
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substance by the American Medical Association.®® Although one-half as 
potent as the methylnaphthoquinone, 2-methyl-l,4-naphthohydroquinone 
diacetate might serve as a better standard.®^ Both of these compounds are 
cheaply and easily prepared in a high state of purity, which can be tested 
conveniently by means of melting point. The molting point of methylnaph- 
thoquinone should be 105 to 106°, that of the diacetate 112 to 113°. The di- 
acetate has the advantage of greater stability when mixed in the diet; 
this, however, is of little or no importance for o 
convenience the methylnaphthoquinone 1 -7 unit wi 
comparative activities, with the caution that this 
any fixed proportion of activity to weight units of v 
III). 

TABLE III 

Activities op Certain Antihemorrhaoic Compounds Based on Chick 5-Day 
Assays and Expressed in 2-METHYL-l,4-NAPnTHOQUiNONE Units per 

Mitjjcram 


Compound Units per milligram 

2-Methyl-l,4-naphthoquinono (menadione) 1000 

2-Methyl -1,4-naphthohydroquinone diacetate 450 

2-Methyl-4-amino-l-naphthol hydrochloride 500 

2-Methyl-l,4-riaphthohydroquiiione diphosphoric acid ester (tetraso- 500 
dium salt, hexahydrate) 

2, 3-Dimethyl-l ,4-naphthoquinone 25 

2-Methyl -3-phytyl-l,4-naphthoquinoue (vitamin Ki) 500 

2-Methyl-3-difarnesy 1-1, 4 -naphthoquinone (vitamin K 2 ) 400 

2-Methyl -3-phytyl-l,4-naphthoh3^droquinone diacetate 170 


During the phases of isolation, purification, and synthesis the different 
laboratories employed different assay methods and different standards or 
units of potency which served their temporary purposes. These methods 
and standards or units have been reviewed by Ansbacher.®® 

7. Comparison of Assays by Different Methods 

Several of the present methods when carefully adhered to will yield 
equivalent results. Repeated assays of 2-methyl-l,4-naphthohydroquinone 
diacetate have all indicated that the potency of this compound is close to 
one-half that of the methylnaphthoquinone.®^ An average of relative values 
obtained in other assays, as reviewed by Dam,* leads to the same conclusion. 

Council on Pharmacy and Chemistry, J. Am, Med. Assoc. 116, 1054 (1941). 

” D. T. Ewing, J. M. Vandenbelt, and O. Karam, J. Biol, Chem. 131, 345 (1939). 

" B. Ansbacher, J. Nutrition 21, 1 (1941). 


ral administrationj. For 
11 be used for expressing 
unit may not represent 
itamins Ki or K2 (Tnble 
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Almquist and Klose,^^ assaying the compound 2-methyl-l ,4-naphtho- 
hydroquinone diphosphoric acid ester in comparison to 2-methyl-l ,4-naph-, 
thoquinoiie by 4-day oral feeding to depleted chicks and comparison of 
average prothrombin time 24 hours from the last dose, found the phosphoric 
ester to be 1 .5 times as potent as the quinone on a molar basis (one-half 
as potent on a weight basis.) Assay of the identical preparations was made 
by Lee et alP by subcutaneous administration, measurement of whole 
blood-clotting time 18 hours from dosage, and expression of results as the 
single dose required to bring the blood-clotting time of 50 % of the chicks 
to 10 minutes or less. The phosphoric ester was found to be 50 % more po- 
tent than the quinone on a molar basis in close agreement with the above 
results. 

The potency of vitamin Ki was found to be approximately one-third 
that of methylnaphtho(]uinone (Almquist^O- This ratio was also found in 
an 18-hour (nirative assay by J'ieser ct alP Emmett d by the method 
of Thayer et obtained 450 methylnaphtho(iuinonc units per milligram. 
Assays by the Dam-Glavind technique, as reported by Dam,^ indicate an 
average potency approximately 39 % of that of the methylnaphthoquinone 
on a weight basis. 

Qui(;k and Stefanini^ have provided further data on the relative po- 
tencies of these compounds in a 12-day preventive assay with chicks. These 
data, plotted by the method of iVlmquist and Klose,® are represented by 
curves 4, 5, 0, and 7 in Fig. 4. Curve 4, obtained with methylnaphthoqui- 
iione dosages, has a slope of 1 .35. Curve 5, obtained with vitamin Ki, has 
a slope of 1 .00. These curves converge at, lower dose levels. The difference 
between the curves at any prothrombin value or reciprocal prothrombin 
time is the logarithm of the potency ratio of the two compounds. This ratio 
is not constant. Curve 0 represents results from methylnaphthoquinone 
dosage applied to chicks also receiving dicoumarol in their diets (p. 405). 
As would be expected, the curve is displaced toward higher dose levels of 
vitamin K; the slope of this curve turns out to be 1.35, however, the same 
as in the absence of dicoumarol (curve 4). Curve 7 represents data from simi- 
larly dicoumarol-poisoned chicks which received vitamin Ki. This curve is 
also displaced toward higher vit amin K levels, but it has the same slope 
as the vitamin Ki curve (5) in the absence of dicoumarol. Such agreement 
could hardly be accidental. The remarkable consistency of these data is 
brought out clearly by the graphical method of e^xpression. 

The fact becomes evident that there is no constant ratio of activity for 
methylnaphthoquinone and vitamin Ki, This ratio varies over a range 

J. Lee, U. V. Solmssen, A. Steyermark, and R. H. K. Foster, Proc, Soc, Exptl. 

Biol, Med, 45 , 407 (1940). 

A. D. Emmett, R. A. Brown, and O. Kamm, J , Biol, Chern. 132, 467 (1940). 
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from 1, or less, to as high as 2, approximately. At the lower levels, on a 
molar basis, vitamin Ki is clearly the more efficient, form of the vitamin. 
It is probable that these compounds are so dissimilar that they cannot be 
evaluated in terms of each other except, at, stated dose levels. Therefore, 
they cannot be used interchangeably for assay standards. 

These experimental observations are in agreement, with relations that 
may be derived on the basis of certain assumptions.^’ If the rela|ion of 
\dtamin K to prothrombin fo!*mation is expressed as follows: 


K + A^ KA P 

where K = any form of vitamin K. 

A = proenzyme. 

KA = enzyme which forms protlirombin. 

C = constant. 

E = efficiencj^^ of formation of prothrombin by KA. 
P = prothrombin = KA X E. 

Then 


( 1 ) 


dt 

which may be w'ritten 


A X c 
kA~ 


K X A X C X E 
P 


C2) 


d log K 
dt 


A X C X 'E 


or integrated and simplified to eip 3 as a practical exjin'ssion of the rela- 
tion of these factors, over a given time interval. 


logA^ = 


A X C X E 


(3) 


It is recognized that wdthin the assay range P is for pi*actical purposes 
equal to a constant times the reciprocal of the prothrombin-clotting time, T. 


P = 


(4) 


Hence 


logio K = 


T 


(5) 


AXCXEXTX 2.3 

It appears that A, which is similar to the ‘^apoenzyme” recently pro- 
posed by Quick and Collentine,’ is relatively c.onstant in respc^ct to the above 

H. J. Almquist, Arch. Biochem. and Bwphys. 35, 104 (19r)2V 
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variables. At any value of P which is maintained by two different forms 
of vitamin K, 


log 

log Kh 


Ch X Eh ,, . , 

77 - rr //- = Constant 


(0 


As previously mentioned, in the data on the prothrombin times and 
levels in chicks maintained by two forms of vitamin K, namely 2-methyl- 
1 ,4»naphtho(]uinone (menadione) and vitamin Ki,'^ the prothrombin values 
tend to Conver| 2 ;e at. very low vitamin K dosage and diverge by a (*onstant 
ratio toward higher dosages until, of course, the physiological limit of P is 
approached (Fig. 4). Iliis is in agreement with eep 0. A further implication 
of this equation is that the potency ratio Ka/Ki with respect to maintenance 
of different P levels is not a (‘onst.ant. This (‘onclusion derived from the 
stated assumi)tions agrees with the expeiimental facts. Th(^ agreement does 
not, of course, pro\T tliat the assumptions are correct; however, it would 
ai)pear that, they are (‘oiu'ordant with the facts. 

A further analysis of the dicoiimarol data brings out some indiciations 
of interest . The feeding of a constant amount of di(*oumarol does not change 
the slope of the regression lines of prothrombin on log vitamin K. This 
means that the terms in eep 3, such as A, C, and /i*, the net effect of which 
is that of a constant, are unaffected by the dicoiimarol. From this observa- 
tion one may conclude that the effect, of the dicoiimarol is only upon the 
vitamin K. Furthermore, the effect cannot be merely that of a (|uantitative 
inactivation of vitamin K but must lie applied uniformly to the entire 
(piota of K present. The (effect is, evidently, that of a competitive displace- 
ment, or some form of reversible inhibition, or reduction of activity, whic.h 
is applied prior to the reaction sj^stem as expressed in eq. 1. In dog blood 
the (‘ITects of both avitaminosis K and of dicoiimarol are due to a decrease 
of prothrombin.'*- For another discussion of these lelations the reader should 
consult ref. 43. 

The relative potency of vitamin Ki with respecd to Ka was found to be 
1.25 (Almquist and Klose*"*), 1.5 (Thayer cl 1.4 (Dam*'*), and between 
I and 1.5 (Tishler and SampsorA^). 


B. CHEMICAL AND PHYSICAL ESTIMATION 


The absorption spectra of A^itamins Ki and Ka have been studied in de- 
tail by several investigators. A most careful measurement of the ultraviolet 

A. J. Quick, C. V. Hussey, Jiiid (1. M (^ollentine, Proc. Soc, Exptl. Biol, Med. 79 , 
131 (1952). 

0. E. Collentine tiud A. J. Quick, Am. J. Med. Sci. 222, 7 (1951). 

A. Thayer, U. W. McKee, S. B. Binkley, I). W. MacCorquodale, and E. A. 
Doisy, Proc. Soc. Exptl. Biol. Med. 41 , 194 (1939), 

M. Tishler and W. b. Sampson, Proc. Soc. Exptl. Biol. Med. 68 , 136 (1948), 
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absorption has been reported^® (Fig. 3). As already mentioned, the absorp- 
tion of these vitamins deteriorates rapidly on exposure to ultraviolet light. 
Vitamin K can also be determined polarographically.^^* These physical 
methods have been used only for relatively pure concentrates. Oxidation- 
reduction methods have also been described,^®* but they seem to be sub- 
ject to much interference from other non-vitamin K substances. 

Numerous color reactions would be expected from a compound, of the 
naphthoquinone structure. Mtamin Ki gives a strong transient bluje color 
reaction with sodium ethylate, w’^hi(*h fades to a more permaneik red- 
brown stage. This color reaction may apparently bo expeetted onlv from 
vitamins Ki and Ko, which have a double bond between the (i- and 7 -carbon 
atoms in the side chain, or from similar naphthoquinone derivati ves\^^ • 
The more stable red-brown end stage of the reaction has a roughly ejuanti- 
tative relation to the activities of concentrates.^® It was stated that the 
end-stage color was due to phthio(*ol.^^ However, the principal pigment pro- 
duced in this reaction possessed an analysis and mole(*ular weight indicating 
that it was a derivative of vitamin A colorimetric assay based upon 
the reaction of 2 , 3 -substituted 1 , 4 -naphtho(pnnones with sodium diethyl 
dithiocarbamate has be^en reportod.^^ 

Colorimetric methods for 2 -methyl-l ,4-naphtho(][uinone have excited in- 
terest be(^ause of the wide use of this compound in vitamin K-active phar- 
maceutical preparations. There have been used such (*olor developers as 
dichlorophcnolindophenol,^® dinitrophenylhydrazine,^' • and ethyl cyano- 
acetate.^® A specific color test for 4 -ainino- 2 -methyl-l-naphthol was de- 
scribed.®'^ The reaction with aniline has been used for determination of 
methyl naphthoquinone in blood and tissues.®^ 

D. T. Ewing, F. S. Tomkins, and O. Kamm, J. Biol. Chem. 147, 233 (1943). 

E. B. Hershberg, J. K. Wolfe, and L. F. Fieser, J. Am. Chem. Soc. 62, 3516 (1940). 

H. Onrust and B. Wostman, Rec. trav. chim. 69, 1208 (1950). 

« G. V. Scudi and R. P. Buhs, J. Biol. Chem. 141, 451 (1941); ./. Biol. Chem. 148, 605 

(1942). 

N. R. Trenner and F. A. Hacher, ,/. Biol. Chem. 137, 745 (1941). 

L. F. Fieser, W. P. Campbell, and E. M. Fry, J. Am. mem. Soc. 61, 2206 (1939). 
“ P. Karrer, Helv. Chim. Acta 22, 1146 (1939). 

** H, J. Almquist and A. A. Klose, J. Am. Chem. Soc. 61, 1610 (1939). 

H. J. Almquist and A. A. Klose, J. Biol. Chem. 130, 791 (1939), 

F. Irreverre and M. X. Sullivan, Science 94, 497 (1941). 

W. Bosecke and W. Laves, Biochem. Z. 314, 285 (1943). 

« A. Novelli, Science 93, 358 (1941). 
w E. E. van Koetsveld, Rec. trav. chim. 69, 1217 (1950). 

«D. A. Richert, J. Biol. Chem. 164, 1 (1944). 
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VI. Occurrence in Nature 

H. J. ALMQUIST 
A. IN PLANTS 

Green leafy tissue is a rich natural source of the vitamin. One or two 
per cent of (^ommerciallj^ dehydrated alfalfa meal in the diet of the chick 
meets normal requirements.*' ^ The tops of carrots are a good source, but 
the roots contain little or no vitamin.® The vitamin is more abundant in 
peas sprouted in the light than in those sprouted in the dark, and the inner 
leaves of the cabbage have about one-fourth the a(*tivity of the outer 
leaves.^ Other sources of the vitamin are spinach, kale, cauliflower, nettle, 
and chestnut leaves.^ The vitamin is present to some extent in tomato, 
hempseed, seaweed,^ and soybean oil.“ Berries of the European mountain 
ash are reported to be a good source.® 

Dam, Glavind, and Gabrielseic Imve reviewed and extended earlier work 
on the distribution of vitamin K in plants. Parts of plants which do not 
normally form chlorophyll contain little vitamin K. Although conifers are 
able to form chlorophyll in the dark, the amounts of chlorophyll and vita- 
min K formed in the dark or light remain approximately proportional. 
However, the yellow spotted leaf areas of (‘ertain plants contained as much 
vitamin K as did the green areas. 

Leaves of various plants with markedly different natural green color 
did not show a proportional amount of vitamin K a(*tivity by assay with 
chicks. Neither was there any close relation to the amounts of carotene or 
xanthophyll. Maize plants that were grown on an iron-deficient medium 
showed marked deficiency of chlorophyll, xanthophyll, and carotene and 
a reduction in vitamin K as compared to normal control plants. Natural 
loss of chlorophyll, as in the fall yellowing of leaves, does not bring about 
a corresponding change in vitamin K. Dam, Hjorth, and Kruse® have also 
shown that the vitamin K in the press juice of spinach leaves does not de- 
crease on standing overnight and nearly all the vitamin is present in the 
chloroplast-s. It seems evident, therefore, that any relation between the 
coiKientrations of tlie (^hloroplast pigments and vitamin K in leaves is only 
incidental to the general synthesis of all these substances in the leaves. It 

^ H. J. Almquist and E. L. II. Stokstad, J , Biol, Chevi, 111, 105 (1935). 

® A. J. Quick, Am. J. Physiol 118, 260 (1937). 

* H. J. Almquist, Nature 140, 25 (1937). 

^ H. Dam and J. Glavind, Biochem. J. 32, 485 (1938). 

® H. J. Almquist and E. L. U. Stokstad, J. Nutrition 14, 235 (1937). 

® G, Y, Shinowara, J. C. DeLor, and J. W. Means, J. Lab. Clin. Med, 27, 897 (1942). 

^ H, Dam, J. Glavind, and E. K. Gabrielson, Acta Physiol. Scand. 13, 9 (1947). 

* H. Dam, E. Hjorth, and I. Kruse, Physiologia Plantarvm 1, 379 (1948). 
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should be recalled that vitamin Ki and chlorophyll are both compounds of 
phytol and may be dependent on the supply of this substance: 

Vi vino et alJ have*, made the interesting observation that honey contains 
distinct antihemorrhagic activity e(iuivalent to approximately 0.25 y of 
2-methyl-l ,4-naphthoquinon(^ per gram as determined by the (*hick assay 
procedure and interpretation method of Alrnquist.^*^ 

B. IX MICllOOROAXlSMvS j 

Early observations on the development of antihemorrhagic activity in 
foodstuffs during bacterial spoilage* and in the droppings of vitaniin K- 
deficient chicks,** led to a further study of vitamin K yiroduction by i\iicro- 

TABLt: IV \ 

Vitamin K Activities of Preparations of Certain Microoroanisms, IOxprbssej) 
IN 2-METnYL 1 ,4 NAPilTHOQUINONK TmTS PER CiRAM" 

Microorganism Units jxt gram 


Bacillvs cereuft 

115 

Bacillus mycoides 

155 

Bacillus suhtilis 

1‘K) 

Bacterium aerogenes 

20 

Bacterium flexneri 

30 

Bacterium protens 

75 

Bacterium typhosum 

15 

Erythrobaci l( us prodigios us 

20 

Escherichia coH 

15 

Mycobaclcri urn Inhere idosis 

55 

Sarcirta lulea 

J(K) 

S taph ylococcus aureus 

GO 


“ Adapted from Almquist.** For data on scv'eral other miertM^rganisms, see this reference. 

organisms. *2' *® Various pure strains of bacteria were grown on vitamin K- 
free media, killed by heat, dried, and assayed with the chick. (Comparative 
data on those which showed vitamin K activity are given in Table IV. 
When receiving very little vitamin K in the diet, the cow is, nevertheless, 
well supplied with the vitamin which is synthesized by mif'Toorganisms in 
the rumen.*^ In general, species of the mold, yeast, and fungus types Avere 
inactive. 

• E. E. Vivino, M. H. Haydak, L. S. Palmer, and M. C. Tanquary, Proc. Soc. Exptl. 
Biol. Med. 63, 9 (1943). 

H. J. Almcjuist, Biol. Symposia 12 , 508 (1947). 

” H. J. Alinquist and E. L. R. Stoksiad, J. Nutrition 12 , 329 (193G). 

H. J. AUnquist, C. F. Pcntler, and E. Mecchi, Proc. Soc. Exptl. Biol. Med. 38, 33G 
(1938). 

H. J. Almquist, Physiol. Revs. 21 , 194 (1941). 

1^ L. W. McElroy and H. Goss, J. Nutrition 20 , 527 (1940). 
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Bacterial a(;tion on wet fish meal has been employed in the preparation 
of vitamin K concentrates^ • The vitamin K2 isolated from putrified fish 
meaP® has also been obtaimd from a culture of Bcudllus brevisy^ Experi- 
mental animals for vitamin K studies must be prevented from obtaining 
the vitamin from food in which bacterial action may have synthesized the 
vitamin, and from (joprophagy. 

The remarkably high vitamin K content of certain microorganisms raised 
the question of the role. of anlihemorrhagic (piinoues in their metabolism. 
Woolley and McCarter’^ found a microorganism, .lohne's bacillus, which 
responded with increased growth when vitamin K, phthiocol, or methyl- 
naphtho(iuinone was added to the synthc^tic medium. Using another strain 
of this bacillus (ilavind and Dam’® were unable to demonstrate any growth 
effect from methyhiaphthcKiuinone or phthiocol. Iland^® investigated the 
requirement of M yeohaebrium tiihercuhms for vitamin K and found evidence 
of a growth-depressing a(*tion. Kimler-’ found bacteriostatic action against 
this organism to be exhibited by methylnaphthohydroquinone diphosphate, 
2-methyl-4-amino-l -naiihthol and thebisulfiteaddition compound. The criti- 
cal concentrations wca’e 100, 1, and 2 7 per milliliter, respectively. The 
antihemorrhagic naphtho(iuinones can act as non-specific*, antibiotics in 
some cast's, as sliown by Armstrong H alP It. is obvious from the above 
facts that mi<*robiological methods for estimating vitamin K are not very 
feasible. For references to other recent reports on miscellaneous effects of 
vitamin Iv on caries, t umors, and microorganisms, the reader is referred 
to a review by Dam.-*’ 

Inhibition of bactt^rial action in the digestive tra(*t by ingestion of sul- 
fonamides causes a decreastj in the synthesis of vitamin K and also of pro- 
thrombin if the vitamin K intake is inade(iuatc to meet the needs of the 
animal. Black et alP found that sulfaguanidine or sulfasuxidine added to a 
synthetic vitamin K-fre(^ diet of rats (*aused a relatively rapid onset of 

R. W. McKeo, S. 13. Binkley, D. W. MacConjUodfile, S. A. Thayer, and E. A. Doisy, 

,/ . Am. Chem. Soc. 61, 1205 (1930), 

S. 13. Binkley, D. W. MaeCorquodale, S. A. Thayer, and E. A. Doisy, J. Biol. 

Chem. 130, 210 (1030). 

M. Tishler and W. li. Sampson, Proc. Soc. Exptl. Biol. Med. 68, 136 (1948). 

D. W. Woolley and J. R. MeUarter, Proc. Soc. Exptl. Biol. Med. 45 , 357 (1940). 

J. Glavind and H. Dam, Phpsiol. Plantarum 1, 1 (1948). 

0. N. Hand, Nature 161, 1010 (1948). 

A. Kirnlcr, J . Bacteriol. 60, 469 (1050). 

W. D. Armstrong, W. W. Spink, and J. Kahnke, Proc. Soc. Exptl. Biol. Med. 63, 

230 (1943). 

H. Dam, Ann. Rev. Biochem. 20, 265 (1951). 

S. Black, R. S. Overman, C. A. Elvohjem, and K. P. Link, J. Biol. Chem. 145 , 137 

(1942). - 
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prothrombin deficiency. This could be prevented by adding vitamin K to 
the diet. Confirming observations have been reported.®® - 

C. NATURAL ANTAGONISTS 

A hemorrhagic agent isolated from spoiled sweet clover hay has been 
shown to be a dicoumariii by Link and coworkers.®^ The compound isolated 
is 3,3'-melhylenebis(4-hydroxycoumarin). When given t-o various species 
of animals this compound induces a decrease in prothrombin which is most 
profound when associated with low vitamin K intake and can be reversed 
by vitamin K administration The dicournarin is easily degraded to 
salicylic acid by chemical means, and this fact suggested that tfie acid 
might be produced by the metabolism of the dicournarin. Administration of 
salicylic acid to rats, either in the vitamin K-low diet or iutravenbusly, 
caused a hypoprothrombinemia similar to that produced by the dicournarin 
or by vitamin K deficiency. The effect was rev'ersed by vitamin K. Neither 
the dicournarin nor salicylic acid had any effect on the clotting power of 
blood in vitro (Link el This subject is more fully discussed in Section 
VII B of this chapter (p. 432). 

Woolley observed that ce-tocopherolquinone administered to pregnant 
mice caused hemorrhagic symptoms in the reproductive system and resorp- 
tion. The action of the a-tocopherolquinone was not prevented by large 
doses of vitamin E but was reversed by small doses of vitamin K. The struc- 
tural similarity of a-to(;opherolquinone and vitamin Ki was pointed out as 
an explanation of the antivitamin activity. 

Excessive intake of vitamin A is known to cause a variety of toxic effects 
among which is a hemorrhagic, tendency and prolonged coagulation time of 
blood. The clotting defect as produced in rats may be remedied by a gener- 
ous intake of vitamin The condition has been produced by alcohol and 
ester forms of vitamin A prepared from natural sources, but it has not yet 
been reported as caused by synthetic vitamin A. It remains to be seen if 
vitamin A itself or some associated substance is the cause of these hemor- 
rhagic tendencies. In chicks, even large doses of vitamin A had no effect on 
the prothrombin time although the chicks received only a minimal level of 
vitamin K. The effects in rats, therefore, may have been due to interference 
in the synthesis of vitamin K by intestinal microorganisms.®® 

A. D. Welch and L. D. Wright, J, Nutrition 26, 555 (1943). 

*«H. G. Day, K. G. Wakim, M, M. Krider, and E. E. O'Banion, J. Nutrition 26, 

685 (1943). 

H. A. Campbell and K. P. Link, J. Biol, Chem. 188, 21 (1941). 

” A. J. Quick and M. Stefanini, J. Biol. Chem. 176, 945 (1948). 

**K. P. Link, R. S. Overman, W. R. Sullivan, C. F. Huebner, and L. D. Scheel, 

J. Biol. Chem. 147, 463 (1943). 
w D. W. Woolley, J. Biol. Chem. 169, 59 (1945). 

« R. F. Lights B. P. Alscher, and C. N, l^ey, Science 100, 225 (1944). 
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VII. Effects of Deficiency 

A. IN ANIMALS 
H. J. ALMQUIST 

The pathology of vitamin K deficiency is unique among the vitamins 
because the only primary effect yet known on any tissue is that upon the 
prothrombin level of the blood. The prothrombin content of blood is greatly 
decreased, and the clotting time is markedly prolonged. Thus the occurrence 
of subcutaneous and intramuscular hemorrhages is frequently observed. 

B. IN HUMAN BEINGS 
CHARLES A. OWEN, JR. 

A deficiency of vitamin K is characterized by a bleeding tendency secon- 
dary to an alteration of the coagulability of the blood. The deficiency may 
result from ingestion of insufficient vitamin K, lack of bacterial synthesis 
of the vitamin within the intestinal tract, inadequate intestinal absorp- 
tion, or hepatic inability to utilize the available vitamin K. 

1 . Hemorrhage Resulting prom a Deficiency op Vitamin K 

Serious abnormalities of the blood coagulation mechanism may be present 
without any evidence of bleeding. However, it is frecpiently stated that 
when the plasma prothrombin falls to about 20 % of normal* the danger of 
bleeding exists; this is based on repeated observations that bleeding only 
infrequently occrurs in vitamin K deficiency when the prothrombin is above 
this level. 

Prior to the discovery of vitamin K and recognition of its deficiency in 
obstructive jaundice, bleeding was most commonly seen after surgical cor- 
rection of a biliary obstruction.^ This is now rare because of the generous 
use of vitamin K in biliary surgery. At the present time hemorrhage from 
injudicious use of dicoumarol — an “antagonist” of vitamin K — ^is probably 
commonest.® 

The bleeding caused by vitamin K deficiency may be first recognized 
by slow oozing from the mucous membranes of the nasopharynx, by the 
appearance of ecchymoses associated with mild trauma, or in surgical cases 
by hematomas and persistent bleeding at the site of operation. Massive 
hemorrhage may occur beneath the skin and within muscles, particularly 
of the extremities. Hemorrhagic disease of the newborn is often first sus- 

* Values as high as 35 to 40% [K. M. Brinkhous, H. P. Smith, and E. D. Warner, 

Am. J. Med. Sci. 196 , 50 (1038)] and as low as 5% (F. Koller and P. Frick, Helv, 

Chim. Acta 39 , Part 1, 717 (1949)] have been suggested. 

* E. W. Boland, Proc. Staff Meetings Mayo Clinic. 13 , 70 (1938). 

* I. F. Duff and W. H. Shull, /. Am. Med. Assoc. 139 , 762 (1949). 



420 


VITAMIN K GROUP 


pected on the basis of meleiia or hematemesis; although bleeding may occur 
almost anywhere, areas of predilec^tion are: umbilicais, skin, nose and mouth, 
intestine, and cerebmm.** ^ Ecchymoses and hematomas are usually re- 
lated to trauma in those rec^eiving too intensive dicoumarol therapy. 

For an extensive st udy of the gross and microscopic pathology of experi- 
mental vitamin K bleeding the work of Ferraro and Koizin® is referred to. 
They coiK^luded that three factors are important in the causation of bleed- 
ing: the degree of hj'^poprothrombinemia, the age of the anirrlal (the 
younger, the more severe the hemorrhage), and trauma. ^ 


TAIiLK V ^ 

DlFFEKKNTlAl. DIAGNOSIS OF THE BREEDING CaCSED BY VlTAMlN K DEFICIENCY 



Vitamin K 
deficiency 

wSturvy 

Hemophilia 

Thrombo- 

cytot>CQia 

Clot time 

bong 

X" 

lAirig 

X 

Plasma prothrombin 

Low 

N'* 

N 

N 

Bleeding lime 

N 

Lonf? 

N 

iiOng 

Capillary fragility 

N 

Incr. 

N 

Inrr. 

Response to vitamin K 

•f 

0 

0 

0 

Response to vitamin (/ 

0 

-1- 

0 

0 

Response to “antihemophilic glolm- 

0 

0 

+ 

0 

lin” 

Response* to transfusion of whole 

-h 


■f 

+ 


blood 


“ N » n<5rm»tl; lucr = increased; + * p<»sitive rc.siK>nHe; 0 = m) resi^onse 
** Unless there is u coexisting deficiency of vitamin K. 

Although the gross appearance is not in itself diagnostic, the bleeding 
tendency in vitamin K deficiency differs to some extent from that of scurvy, 
hemophilia, or thrombocytopenia (Table V). In scurvy there are swollen, 
spongy, bleeding gums and subperiosteal and intramuscular hemorrhagic 
extravasations. The hemophiliat^ tends to bleed in and aliout joints, with 
resultant hemarthroses and ankyloses.^ The petechial bleeding of thrombo- 
cytopenia and scurvy may be confusing, but the platelets are severely 
depressed only in the former, 

^L. Salomonsen, Acta paediat. 27, Huppl. 1, 1 (1939). 

® R. B. Scott, Practitioner 165, 182 (1950); B. I*. Clark, J, Med. Assoc. Stale Alabama 
20, 130 (1950); G. Fancoiii, Die Storungeii der Blutgeriniiung beim Kinde init 
besondcrer Berucksichligung des K-VitamiiiH und der Neugcborenenpathologio. 
G. Thieme, Leipzig, 1941. 

• A. Ferraro and L. Roizin, Am. J . Pathol. 22, 1109 (1946). 

R. K. Ghormley and R. 8. Clegg, J. Bone Joint Surg. 80A, 589 (1948). 
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2. Induction of Vitamin K Deficiency 
a. Dietary Lack of Vitamin K 

It was first noted tliat on certain inadequate diets superficial and internal 
bleeding developed in ehic^ks.® The ability of dietary means alone to induce 
a deficiency of vitamin K is almost exclusively an avian ('haract eristic;^ but 
in the rat,**^ rabbit," mouse, and perhaps man moderatehypoprothrombin- 
emia may oiu^asionally develop. The newborn of man,"' sheep, goat,^® 
and guinea pig" are critically lacking in vitamin K, as shown by the fact 
that small doses of this vitamin will correct the blood-clotting abnormality. 

The infant undergo(\s a potentially serious blood-clotting change during 
its first week of life; this can be corrected or prevented by administration 
of vitamin K either t.o the baby or, shortly before the baby’s birth, to the 
mother. The cause of the vitamin K deficiency is not (dear, but apparently 
negligible amounts of the naphtho(]uinone have been stored by the infant 
at the time of birth. Salomonsen* suggested that there is probably some 
.storage during the summer months, since the incidence of actual bleeding is 
less during the summer and fall than at other seasons. Wadd(dl and Lawson^® 
are in agreement, adding that the peak month for hypoprothrombinemia is 
March, at. which time there is the greatest incidence of deaths from birth 
injurious. On the basis of a \’ery limited observation Thordarsou'^ was un- 
able to find a s(‘,asonal trend in the prothrombin levels of infants. 

Just as the (*ause of the hypoj)rothrombinemia, or rather the neonatal 
Uu'k of stored vitamin K, is unexplained, there is little agreement, on the 
spontaneous recovery which most infants undergo by about the seventh 

«H. Dam, Hiochem. Z. 216, 475 (192t)}; 220, 158 (1980); W. D. McFarlane, W. R. 

Graham, Jr., and G. K. Hall, J. Nutrition 4, 331 (1031); W. I). McFarlane, W. R. 

Graham, Jr., and F. Richardson, Biochern. J, 25, Part 1, 35S (1931); W. F. Holst 

and F. R. llalbrook, Science [X. S.] 77, 354 (1933). An analysis of the distribution 

of hemorrhages in the cliick has been made by S. Ansbachcr, J. Nutrition 17, 303 

(1939). 

n. Dam, F. Sch^uheyder, and L. Lewis, Biochern. J . 31, Part 1, 22 (1937). 

II. Dam and J. Glaviiid, Z. Vitaminforsch. 9, 71 (1939). 

" H. Dam and J. Glavind, Acta Med. Scand. 96, 108 (1938). 

" R. Murphy, Science l.\. S.] 89, 203 (1939). 

" R. Kark and K. L. Lozner, Lancet II, 1162 (1939); C. M. Thompson and D. J. 

Hilferiv, Med. Clin. N. Amer. 33, 1685, (1949). 

" K. M. Brinkhous, II. P. Smith, and K. D. Warner, Am. J. Med. Sci. 193, 475 (1937). 

"W. W. Waddell, Jr., D. Guerry, Til, W. E. Bray, and O. R. Kelley, Proc. Soc. 

Exptl. Biol. Med. 40, 432 (1939)’. 

"A van Vyve, Acta Brevia Ncerl. Physiol. Pharmacol. Microbiol. 11, 101 (1941). 

" F. Widenbauer and IJ. Krebs, Monaisschr. Kinderheilk. 91, 223 (1942). 

W. W. Waddell, Jr., and G. McL. Lawson, J. /Im. Med. Assoc. 116, 1416 (1940). 

"O. Thordarson, Klin. Wochschr. 20, 645 (1941). 
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day of life. Adler®® attributes the entire process to a transient hepatic defect, 
whereas Quick and Grossman®^ believe that vitamin K becomes available 
to the infant only after sufficient bacteria have developed in the bowel to 
produce vitamin K. Sells and associates®® found insufficient vitamin K in 
human colostrum to maintain the baby^s blood coagulability; however, 
minimally adequate vitamin K was present in cow^s milk. This might 
explain the older observation®* that the prelacteal feedings of cow^s milk 
prevent hemorrhagic disease of the new'^born. Sells' group®® further found 
that coagulability of the blood remained impaired as long as food (other 
than aqueous glucose solution) was withheld from the infants. \ 

When vitamin K was found to prevent newborn hypoprothrombmemia, 
it was anticipated that this hemorrhagic disease could be eliminalipd by 
the simple expedient of routine prophyla(!tic administration of \itamin K 
to the baby or mother. Early, carefully (controlled studies’* - ®^ indicated 
that this was overoptimistic but that, some benefit was to be obtained. 
Recently several reports®® have questioned whether the routine use of 
vitamin K is of any benefit. Since few clotting studies w'ere (carried out, 
judgment should be reserved. The problem merits further careful study. 

6. Inhibition of Synthesis of Vitamin K by Intestinal Bacteria 

The most important source of vitamin K for the mammal is its own 
intestinal bacteria,®® - ®^ in particular, Escherichia coliP In the absence of 
dietary vitamin K this source alone is usually sufficient to maintain a 
normally coagulable blood. It is felt that the bacterial (farncsyl) vitamin®*'^ 

13. Adler, Monaischr, Geburtschulfe v. Gyndkol. 118, 225 (1944). 

A, J. Quick and A. M. Grossman, Am, J, Med. Sci. 199, 1 (1940). 

** R. L. Sells, S. A. Walker, and C. A. Owen, Proc. Soc. Exptl. Biol. Med. 47, 441 
(1941). 

**H. N. Sanford, H. J. Morrison, and L. Wyat, Am. J, Diseases Children 43, 669 
(1932). 

** L. M. Heilman, L. B. Shettles, and N. J. Kastman, Am. J. Obsiet. Gynecol. 40, 844 
(1940). 

E. L. Potter, Am. J. Obstei. Gynecol. 60, 235 (1945); II. N. Sanford, M. Kostalik, 
and B. Blackmore, Am. J. Diseases Children 78, 686 (1949); J. D. Hay, F. P. Hud- 
' son, and T. S. Rodgers, Lancet I, 423 (1951). 

** H. J. Almquist, Physiol. Revs. 21, 194 (1941). 

” H. J. Almquist, C. F, Rentier, and E. Mecchi, Proc. Soc. Exptl. Biol. Med. 38, 336 
(1938); H. J. Almquist and £. L. R. Stokstad, J. Biol. Chem. Ill, 105 (1935); H. R. 
Butt and A. E. OsterlKjrg, J. Nutrition 16, Suppl., 11 (1938). 

” S. Orla-JenSen, A. D. Orla-Jensen, II. Dam, and J. Olavind, Zenlr. Baht. Para- 
sitenk. Aht. 2, 104, 202 (1941-1942) ; H. Dam and J. Glavind, Biochem. J. 32, Part 1 , 
■ 1018 (1938). 

It is generally stated that the intestinal bacteria produce the farnesyl vitamin 
[H. Dam, Med. Welt. 20, 958 (1951)]; however, Taveira reported the recovery of the 
phytyl vitamin from Escherichia coli [M. Taveira, Ann. pharm.frang. 9 , 344 (1951)]- 
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is less effective than the leafy plant (phytyl) one}^ Presumably, then, the 
intestinally synthesized vitamin exceeds that obtained from food, for, 
though less potent, it can maintain an efficient clotting system, whereas 
the reverse does not seem to be true. Fowls have a short, large intestine 
which is believed to be inadequate for absorption of the bacterially produced 
vitamin K.®® Also, the mammalian lower colon is probably incapable of 
absorbing the fat-soluble vitamins K even in the presence of bile, for re- 
tention enemas of vitamin K have proved ineffective,®* and Greaves®^ was 
able to produce a vitamin K deficiency in rats by means of bile fistulas into 
the colon. However, the cecum ma}’' be an important site of bacterial syn- 
thesis of the vitamin.®® More careful attention to prevention of coprophagy 
— ^the feces contain large amounts of vitamin K even when the diet is 
vitamin K-free*^* ®**’ ®® — ^may account for the greater than average success 
that certain investigators®"* ^ have had in inducing a dietary vitamin K 
deficiency in mammals. 

Reduction of intestinal synthesis of vitamin K is most simply accom- 
plished by bacteriostatic or bactericidal agents such as the sulfonamides®^ 
and possibly V)y c^ertain antibiotic*, agents.®® p-Aminobenzoic acid, whether 
given orally or parenterally, concentrates in the bowel and prevents sulfon- 
amide depression of the intestinal flora,®^ thus it is not possible to assume a 
non-intestinal effect of a parenterally administered drug. 

H. J. Almquist and A, A. Klose, Proc, Soc. Exptl. Biol, Med. 45, 55 (1940). 

H. J. Almquisi and P]. L. R. Stokstad, J. Nutrition 12, 329 (1936). 

H. P. Smith, S. E. Ziffren, C, A. Owen, G. R. Hoffman, and J. E. Plyiin, J. Iowa 
State Med. Soc. 29, 377 (1939). 

82 J. D. Greaves, Am. J. Physiol. 126, 429 (1939). 

88 H. G. Day, K. G. Wakim, M. M. Krider, and E. P^ O^Banion, J. Nutrition 26, 585 
(1943). 

8* H. Dam, Advances in Enzymol. 2, 285 (1942). 

88 The sulfonamides depress E. coli [H. J. White, Bull. Johns Hopkins Hasp. 71, 213 
(1942)1 and inhibit intestinal synthesis of vitamin K in the same order of effective- 
ness fW. H. Sebrell, Harvey Lectures 39, 288 (1943-1944) (from most to least effec- 
tive)]: sulfapyrazine, sulfadiazine [A. Kornberg, F. S. Daft, and W. H. Sebrell, 
Pvbl. Health Repts. (U. S.) 69, Part 1, 832 (1944)], sulfathiazole IB. M. Braganca 
and M. V. Radhakrishna Rao, Indian J. Med. Research 36, 16 (1947)], sulfasuxidine 
[A. D. Welch and L. D. Wright, J. Nutrition 26, 556 (1943)], and sulfaguanidine 
[S. Black, R. S. Overman, C. A. Elvehjem, and K. P. Link, J. Biol. Chem. 146, 137 
(1942)]. 

Z. A. Lewitus and A. Aschireli, Harefnah 36, 13 (1948); W. K. Rieben, Helv. Med. 
Acta 13, 295 (1946); C. M. Thompson and D. J. Hilferty, Med. Clin. N. Amer. 33, 
1685 (1949). The coagulation changes resulting from prolonged treatment with anti- 
biotic substances are to be distinguished from their clot-accelerating activities 
during the first hour or two after administration [L. P\ Moldavsky, W. B. H^ssel- 
brock, C. Cateno, and D. Goodwin, Science [N. S.j 102, 38 (1945); D. I. Macht, 
ibid. 106, 313 (1947); Editorial, J. Am. Med. Assoc. 141, 924 (1949)]. 

A. Kornberg, F, S. Daft, and W, H. Sebrell, J. Biol Chem. 166, 193 (1944). 
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Since small doses of vitamin K correct the hypoprothrombinemia ac(‘.om- 
panying intestinal ‘^stcrilization,” the possibility of prothrombin changes 
secondary to hepatic damage would setmi to be excluded. However, ]ira- 
ganca and lladhakrishna Itao*® reported that infiltration with fat de- 
veloped in the livers of rats after 2 weeks of a diet (!ontaii\iiig sulfathiazole; 
this hepatic change was prevented by addition of vitamin K to the sulfon- 
amide-treated diet. The data of Miishett and Seeler^® suggest Ithat in 
sulfonamide hyjioprothrombinemia vitamin Kj is 100 to 250 tliines as 
effective as menadione; by ainilogj" with vitamin K suppresKsiori of dicou- 
marol action, an hepatic site of action might be considered, for iinsimplo 
\ntamin K deficiency states menadione is the more potent . \ 

Rats develop hypoprothrombinemia when subjected to a diet h^h in 
triglycerides containing dihydroxystcaric acid.**®® The clotting change is ac- 
companied by disappearance of vitamin K from the intestinal contents and 
is corrected by the administration of the vitamin (0.1 mg. per day). Since 
the intestinal bacteria are (jualitatively and quant itativel}^ normal during 
the period of vitamin K deficiency, it seems that tlie vitamin-synthesizing 
systems of the bacteria are blocked.^®'* 

c. Reduced Absorption of Vitamin K 

(1) Absence of Bile, Quick et first reported })lood-clottiiig changes in 
human obstructive jaundice comparable to those already demonstrated in 
vitamin K-deficient chicks. Hawkins and Brinkhous^*’ found the same clot- 
ting condition in experimental biliary fistulas in dogs. The la(*k of bile in 
the intestine was common to both states and was soon i-ecognized to be 
etiologically important in vitamin K deficiency.*** Fantl and coworkers^'® 
have recently questioned this concept. 

In rapid succession Warner et Butt et and Dam and Cllavind** 
reported the successful correction of the clotting changes and of the bleed- 

C. W, Mushett ami A. O. Seder, Pharmacol. Expll. Thvrap. 91, St (1947). 

E. E. Lockhart, II. Sherman, and It. S. Harris, i:>cicnce |X. S.| 96, 542 (1942). 

38b G. Nightingale, E. E. Lockhart, and R. S. Harris, Arch. Hiochem. 12, 381 (1047). 
3® A. J. Quick, M. Stanlev- Brown, and F. W. Bancroft, Am. J, Med. Sci. 190,501 

(1935). 

W. B, Hawkins and K. M. Brinkhous, J. Exptl. Med. 63, 705 (1936). 

H. P. Smith, E. D. Warner, K. M. Brinkhous, and W. H. Seegers, ./. Exptl. Med. 

67, 911 (1938). 

P. Fantl, J. F. Nelson, and G. J. Lincoln, AastraUayi J . Exptl. Biol. Med. Sci. 29, 

433 (1951). 

E. D. Warner, K. M. Brinkhous, and II. P. Smith, Pror. Soc. Exptl. Biol. Med. 37, 

628 (1938). 

H. R. Butt, A. M. Snell, and A. E. Osterherg, Proc. Staff Meetings Mayo Clinic 13, 

74 (1938). 

®*H. Dam and J. Glavind, Lancet I, 720 (1938). 
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ing in patients with obstructive jaundice when crude vitamin K concen- 
trates were administered orally, along with bile. Bile alone was slowly effec- 
tive, but the vitamin alone was without any effect. Thus it became established 
that, like the other fat-soluble vitamins, vitamin K requires bile for its 
transport through the intestinal wall. Desoxycholic acid, which unites with 
vitamin K to form vitamin K-(^holeic acid,^^ is claimed to be the principal 
component of bile for absorption of the vitamin.^® Jkitt and Snell*^ demon- 
strated that human acholic stools are rich in vitamin K, so that for coagula- 
tion all that seems to be lacking in obstructive jaundice is the bile. It is 
therefore puzzling why bile alone, although free of vitamin is not more 
efficacious when one considers the small amount of vitamin K necessary to 
(‘orrect the deficiency (1 mg. or less).^® 

As might be exp(?cted, water-soluble analogs of vitamin K may be given 
orally, witliout supplementary bile, to animals or man lacking intestinal 
l)ile.®® Howe\’er, the water-soluble preparations are usually given parenter- 
ally because of the prompter action and insured dosage.®^ 

(2) Inicsfmal Disease, Altered blood coagulation is at- times found in a 
variety of intestinal diseases and conditions: intestinal obstruction, gastro- 
colic fistula, external enterostomy, chronic, ulcerative colitis, regional ileitis, 
intestinal polyposis, and tuberculous enteritis.®^ Apparently vitamin K 
is mechanically prevented from being absorbed in these conditions. The 
vitamin deficieiuw which occnirs in sprue, both tropical®^ and non-tropical,^^ 
and in prolonged diarrlu^a (such as in pellagra)®® likewise represents an 
inability to absorb the vitamin K which is abundantly present; this state 
may be duplicated experimentally by a high concentration of mineral oil 
in the diet.®® Activated carbon, by firmly adsorbing vitamin K, also pre- 
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vents its absorption.®** Whether the hypoprothrombinemia and bleeding 
reported to occur in animals receiving large doses of vitamin is second- 
ary to reduced vitamin K synthesis or absorption, or to an alteration of 
hepatic function, is not clear; addition of a vitamin K analog to the diet 
of the hypervitaminotic A animal prevents the clotting (changes without, 
however, any alteration in the vitamin A concentration in the liver.®® The 
status of quinine®® and certain rare earths*® is likewise uncertain;/ hypo- 
prothrombinemia, which is corre(;ted by vitamin K, has been observed 
following their administration. Quick®^ has questioned the quininev effect 
on clotting. . \ 

(3) Diversion of Intestinal Lymph, In the rat a profound in(?oagulapility 
of the blood may be produced by withdrawal of intestinal or thoracic yiuct 
lymph;*® correction with parenteral vitamin K is prompt.*® The pathway 
for vitamin K absorption would thus seem to be via the intestinal lympha- 
tics, through the thoracic duct, to the vascular tree. The possibility of a 
vitamin K deficiency in prolonged loss of lymph resulting from thoracic 
duct avulsion might be considered; actually, hematuria often does accom- 
pany lymphatic chyluria. 

d. Hepatic Utilization of Vitamin K 

(1) Liver Damage, It has long been known that severe liver damage®^ or 
hepatectomy*® leads to a prolongation of the clotting time of whole blood. 
With the development of methods for estimating plasma prothrombin it 
was discovered that a lack of prothrombin in the blood w as a prominent 
part of these clotting changes.** Furthermore, administration of vitamin K 
to man or animals with liver damage has proved ineffectual in correcting 
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the lack of prothrombin or the lengthening of clot time;®^ however, large 
doses of vitamin K before exposure of animals to chloroform are reported 
to be hepatoprotective.®* A practical application is the evaluation of hypo- 
prothrombinemia of uncertain origin; if parenteral vitamin K analogs are 
not corrective, hepatic function is presumed to be subnormal (vitamin K 
tolerance test).®® Clotting studies suggest that mild hepatic insuflBcicncy 
results from fever,^® anesthesia,’^ or simple manipulation of the liver.’® 

(2) Anticoagulant Drugs, In contradistinction to such substances as chlo- 
roform, carbon tetrachloride, and phosphorus, which depress a variety of 
hepatic activities, including the synthesis of prothrombin and fibrinogen, 
a class of chemicals has been developed within the past decade, primarily 
by Link’s group,’^ which has found wide clinical use; the anticoagulant 
coumarins, which include dicoumarol,’® hydrocoumarol,’® tromexan,’® phen- 
ylindanedione,” and anticoagulant ‘'63.”’® These chemicals are adminis- 
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tered clinically in order to reduce the ability of the blood to clot and thus 
lessen the chances for the development or progression of thromboses. Since 
the complications of hemorrhage may be as serious as those of thrombosis, 
the margin of safety is rather narrow. The therapeutic goal Ls an amount of 
anticoagulant which will depress prothrombin and associated clotting fac- 
tors but not quite prolong the whole blood-clotting time. Clinical results 
have been very encouraging and seem to bear out the empirical method of 
evaluating therapy.^® j 

Even before the specific toxic agent (di(‘,oumarol) of spoiknl sweet clover 
was known, Roderick**® recognized that the incoagulability of the blood of 
cattle that had eaten the moldy clover was associated with a i>ro1hro^bin 
deficiency. The hypoprothrombinemia requires at least 12 to 24 houivs to 
develop after ingestion of tlie anticoagulant, probably because an interval 
of time is required for cinailating prothrombin to be catabolized after the 
production of new prothrombin has been halted.®*' This conclusion seems 
warranted from studies of prothrombin disappearaiu'c rates; Carter ct alP 
found no evidence of prothrombin stores. 

Vitamin K coiK^entrates (from alfalfa) or the pure analogs have been 
found to counteract the prothrombin-depressing activity of dicoumarol.®^.' 
The problem remains unsettled as to whether dicoumarol injures the liver, 
an action reversed by vitamin K or whether there is a (*ornj)etitive inhibi- 
tion of vitamin K activity by dicoumarol. Glavind and Jansen**® found that 
in vitamin K-depleted chicks the reaction to dicoumarol was counteracted 
by an amount of vitamin K which followed no fixed ratio; they concluded 
that dicoumarol injures the liver. In a comparable experiment Collentine 
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and Quick®^ depleted dogs of vitamin K stores by cholecystncphrostomy; 
small doses of vitamin Ki (or analogs) and of dicoumarol counteracted 
each other. Bec^ause of the minuteness of the doses, Collentine and Quick 
feel that the only explanation is a mutual competition for prothrombino- 
genic- enzyme systt^ms. Almciuist®^*^ has presented an interesting theoretical 
analysis of the action of dicoumarol. 

Certain observations suggest a primary hcpatotoxicity from dicoumaroli- 
zation. Overdoses of dicoumarol produce fatty livers in rabbits^* and central 
necrosis of the liver in rats.*^^ Bollman and Preston®*^ reported that in the 
presence of an already damaged liver the effeert of dicoumarol was accen- 
tuated. Similarly, Poller and Mudrak®’ demonstrated that, if the liver had 
been damaged, smaller doses of di(*oumarol gave the same effect as large 
doses when h('patic. function was normal. Irish and Jaques^*-* noted that 
dicoumarol, like known he])at ot oxins, stimulated fibrinogen production if 
given in small doses, and in larger doses depressed the fibrinogen of the 
blood. 

Th(* conce])t of a ('ompetition between vitamin K and dicoumarol has 
})een explored extensively by Meunier and Mentzen*;^’^ these investigators 
have stressed the similarity Ix^tween compo\mds with hemorrhagic and 
antiliemorrhagic activity. M(Miadione (Fig. 5) fl) is a potent vitamin K 
analog; addition of an hydroxyl in the 3 position, phthiocol (2), reduces 
the activity; n^placement of the methyl by an ethyl radical (3) further 
weakens the autilumiorrhagic power; combining two phthiocols through 
their methyl groups yields an antivitamin (4), as docs doubling menadi- 
on(^®‘* (5). Replacing the 2-methyl group in menadione by methoxy (6) also 
reverses the comi)ound\s action,®® and if one subirtitutes for the methyl in 
phtliiocoPs 2 position 3-cyclohexylpropyl (7), or 2-methyloctyl (8), or 
3-(decahydro-2-naphthyl)propyl (9) ra<licals, a similar reversal occurs.®^ 
Some of the more potent hemorrhagic agents tend to resemble (4) and (5), 
that is, “double molecules.’’ Although most clinical anticoagulants are 
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symmetrical ‘‘double molecules*' — dicoumarol (10),hydrocoumarol(ll), and 
tromexan (12) (Fig. 6) — ^they need not be, for the asymmetric phenylin- 
danedione (13) and others (14 and 15)®® are also active. Dithiocoumarol (16) 



( 10 ) ( 11 ) 
Fig. 6. 


is weakly hemorrhagic.®® R in compound (17) determines the activity: if R 
is CHa, the compound is vitamin K-like; if R is an halide or a phenyl 
derivative, it is an antivitamin K compound.®® 
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Woolley^*^® remarks that the dicoumarol-vitamin K antagonism differs 
in several respects from the characteristic analog competitions: vitamin K 
counteracts dicoumarol over only a limited dosage range; within this range 
the inhibition index is not constant; and most unusual is an index of less 
than 1.0 (for example, in the rat 10 mg. of dicoumarol is inhibited by 25 
mg. of vitamin K; that is, an index of 0.4). 

Regardless of the exact nature of the antagonism between vitamin K and 
dicoumarol, the recent evidence of Jaques* group’**^ suggests that the hepatic 
cell is involved. Dic.oumaroL labeled with earbon^^ in the methylene bridge 
was administered intrave-s. \isly to mice and rabbits; significant radio- 
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activity was found be roF^ the liver, gallbladder, feces, and urine (only 
degradation produc?rice urine). Intravenous administration of vitamin 
K expedited disappeics^^ice of radioactivity from the mouse liver. Measur- 
ing plasma dicouman aJirectly, Shapiro et were unable to demonstrate 
more rapid disappeari(yice of dicoumarol from the blood when vitamin K was 
administered. Dicoumarol or its active products are apparently excreted by 
the kidneys, for nephrectomy or experimental nephritis prolongs the anti- 
coagulant activity.®® The suggestion^®* has been made that the action of 
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phenylindanedione is relatively brief because this substance reduces glomer- 
ular capillary resistance and is excreted rapidly; to counteract this phe- 
nomenon, vitamin P has been used to increase the capillary resistance, 
apparently successfully. 

Link’s group^®^ has synthesized dicoumarol from and degraded it to 
salicylic acid. Since salicylates have a limited anticoagulant action, it has 
been suggested that dicoumarol may act through its degradation prod* 
ucts.81* 106 The relative inefficiency of salicylates (1/500 the activity of 
dicoumarol) makes this unlikely; however, one# ight specailate witn Jaejues 
and Lepp'®^ that intestinal bacteria convert/ small portion of ingested 
salicylate into dicoumarol. Arguing alonv .ilar lines, Shemial^n and 
coworkers^®^ believe that phthalatcs are ^ 
vitamin K and are responsible for the u| 


degradation prodiSicts of 
inc’s coagulant activity, 
the excellent review of 
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For the effect of other drugs on bid 
Seegers^®®^ is referred to. 

3, Blood Coagulation Changes with 

Hemorrhage associated with obstructive jaimdicje has been known and 
reported for centuries; vascular changes, deficiency of various clotting com- 
ponents, and the presence of clot-inliibiting agent,s have all been suggested. 
Of the older concepts only the suggestion that- antithrombin is excessive in 
vitamin K deficiency persists. Dyckerhoff and Marx’^^®^ claim that the 
increased thrombin-destroying function of plasma is corrected by adminis- 
tration of the vitamin. 

Quick et in 1935, announced that prothrombin was lacking in the 
poorly coagulable blood of a patient with o’ ^ iive jaundice. In the 
hemorrhagic chick disease of dietary origin ' '''der^^” suspected a 

deficiency of plasma prothrombin; Dam et ^demonstrated that 

adding prothrombin from normal plasma correct deficiency; further, 
they were unable to recover prothrombin, by aceW^ . -soelectric precipita- 
tion, from the plasma of bleeding chicks. Quick^ /Vii'oingly confinned 
the prothrombin lack in the chick bleeding sta#3>«i^'he bleeding of dogs 
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with biliary fistulas, Hawkins and Brinkhous^® detected severe hypopro- 
thrombinemia. In these various hemorrhagic states, all attributable to a 
deficiency of vitamin K, and studied by a variety of methods, the common 
denominator has been found to be a lack of the plasmatic precursor of 
thrombin. When this clotting (change was found to be readily corrected by 
vitamin K it w^as felt“®~and is still generally believed — that the lack of 
prothrombin is the only immediate result of vitamin K deficiency, and hence 
the sole cause of bleeding in this deficiency state. 

Such a simple, attractive concept — pure hypoprothrombinemia — over- 
looks some disturbing fads. The newborn infant has a prothrombin value 
only one-fourth to one-third that of adults.^"^ The prothrombin titer rises 
slowly, reaching normal adult levels near the end of the first year of life. 
Despite this rather pronounced hypoprothrombinemia, the newborn's clot 
time is normal or even shortened, and the “prothrombin time" of Quick is 
usually normal; bleeding rarely occurs under these circumstances.^* ^^*2^* 
114, 115 During the first week of life drastic changes occur; generally between 
the second and fifth days the “prothrombin time" is prolonged and clot 
limes may be lengthened; if these changes are extreme, hemorrhage may 
ensue — clinically described as “hemorrhagic disease of the newborn." Actual 
bleeding is uncommon, and spontaneous return to normal takes place by 
the end of the first Aveek of life, if digestive disturbances have not inter- 
vened.^^* It is well known that vitamin K and its analogs can prevent or 
quickly correct these clotting and bleeding changes. Yet, throughout this 
brief neonatal period the true prothrombin level of the blood is low and 
fluctuates little. 

Here, then, is one instance of hemorrhagic diathesis developing without 
a significant alteration in the plasma prothrombin concentration, and what- 
ever the abnormality may be, vitamin K is corrective. 

Mann and Hurn^^^ have described a new blood coagulation factor 'whose 
activity appears to be related to the function of thromboplastin in the first 
stage of clotting, hence “cothromboplastin." When this factor is deficient, 
prothrombin, regardless of how much is present, can convert to thrombin 
only with difficulty; as a result of a deficiency of cothromboplastin the 
“prothrombin lime" of Quick is prolonged. It has been found that cothrom- 
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boplastin diminishes in the vitamin K deficiency of obstructive jaundice 
and returns to normal under the influence of vitamin K therapy.”® Certain 
characteristics of cothromboplastin are its presence in normal plasma or 
serum and even in aged plasma [thus clearly differentiating it from both 
prothrombin and Ac-globulin (factor V or labile factor)]. 

During the interval when the “prothrombin time” of the newborn is 
prolonged, a prothrombin conversion factor was found lacking by Rnndall 
and Randall;”® this factor is present in normal plasma, aged plasmL and 
serum. \ 

Among the clotting changes resulting from dicoumarol therapy\is a 
diminution of stable prothrombin conversion factor;^®® this precedes the 
drop in prothrombin. The stable factor — so named to distinguish it ^om 
the labile factor of Quick — ^is present in normal plasma, prothrombin-poor 
serum, and aged plasma. Cothromboplastin, in these and other respects, 
appears to be identical with the stable factor. Both resemble, at least 
superficially, the factor of Randall and Randall. 

Dam and coworkers^®^ have given their support to the opinion that there 
are non-prothrombic clotting changes in both simple vitamin K deficiency 
and dicoumarolization ; however, they suggest that a “delta” fat^tor is 
lacking in the former, but a different (“kappa”) factor is reduced in the 
latter (delta present in dicoumarol plasma and kappa in vitamin K-deficient 
plasma). That a difference exists between dicoumarol plasma and plasma of 
simple vitamin K deficiency has been both confirmed^®^** and denied.^®^^ 
It becomes increasingly clear that the “hypoprothrombinemia” of the 
newborn infant, of obstructive jaundice, and of dicoumarol therapy in- 
volves, in addition to lowered prothrombin, one or more non-prothrombic 
factors.^^® Since vitamin K overcomes the coagulation defect in all three 
conditions, one is inclined to recall the statement of Boyd and Warner:^®® 
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‘‘It is possible that vitamin K affects factors which govern prothrombin 
conversion as well as those which control its concentration/’ 


Vin. Pharmacology 

CHARLES A. OWEN. JR. 

A. VITAMIN K PREPARATIONS 

Phytyl menadione (ihylloquinone, vitamin Ki, 2-methyl-3-phytyl-l,4- 
naphthoquinone) has been synthesized and is commercially available, al- 
though expensive. Concentrates of natural vitamin K and synthetic 
menadione (U.S.P.) (mcnaphthone B.P., 2-methyl-l, 4-naphthoquinone) 
are relatively inexpensive. All these substances are fat-soluble, and when 
given orally in the absence of intestinal bile they require the administration 
of bile salts. 

For the simple deficiencies of vitamin K the water-soluble analogs are 
generally preferred, such as the following: menadione sodium bisulfite; 
4-amino-2-methyl naphthol HCl; or 2-methyl-l, 4-naphthohydroquinone 
diphosphate tetra sodium (a menadiol derivative). In the uncomplicated 
vitamin K deficiencies menadione has been found to be the strongest cor- 
rective analog with approximately two to four times the activity of phytyl 
menadione.' ' ^ Despite an occasional objection,® the weight of evidence is 
that vitamin Ki is more effective than menadione in counteracting the 
effects of the anticoagulant dicoumarins. 

B. DOSAGES 

For the vitamin K deficiency of obstructive jaundice, biliary fistula, or 
hemorrhagic disease of the newborn, daily doses of 1 to 5 mg. of any of the 
vitamin K analogs are usually adequate. One milligram is stated to be 
sufficient to prevent the clotting changes produced by 1 g. of sodium acetyl- 
salicylate.^ Ten to twenty milligrams has been recommended for adminis- 
tration to the mother during the last few hours of labor to prevent hemor- 
rhagic disease of the infant. These doses are so much greater than minimal 
effective ones that the slight differences of potency of the various vitamin 
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* S, A. Thayer, R. W. McKee, S. B. Binkley, and E. A. Doisy, Proc. Soc. Bxptl. Biol. 
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analogs become inconsequential. Little has been done to investigate the 
possibility of using smaller quantities of vitamin K, but from a practical 
point of view there would seem to be little advantage. 

Richards and Shapiro^ stress that larger doses of vitamin K are needed 
for the treatment of overdicoumarolization, in the presenc^e of hepatic 
damage, or simply in the performance of an evaluation of hepatic function. 
Cromer and Barker, among others,® found that (K) mg. of anhydrous 
menadione bisulfite (ecpiivalent to 72 mg. of the hj^drated esjler) was 
sufficient to corrc'ct the prolonged “prothrombin tim(^” of most\patients 
who had responded to difioumarol with unusual vigor. However, an occa- 
sional dicoumarolized patient is unresponsive to the water-soluble^ pnalogs 
even in doses of (iOO mg. given intravenously. In su(*h cases th(‘ adm\ihstra- 
tion of phytyl menadione (up to 1 g. orally or intrav(*nously) has been re- 
markably successful.’' The more stable oxide of phytyl menadione may 
prove to be practical. 

C. MODE OF ADMINISTRATION 

The Avater-soluble naphthoquinones may be given orally, subcutaneously, 
intramuscularly, intraperitoneally, or int raven oirsly with substantially the 
same results; regardless of the route a lag of I to 2 hours occurs before any 
clotting response is perceptible.^ Inunctions of water-solubh^ vitamin K 
derivatives have proved effective,^ but they may be irritating.’^* The fat- 
soluble K-quinones are generally given oi’ally, accompanied l>y bile salts in 
the case of obstructive jaundice or biliary fistula but not in antidicoumarol 
therapy where bile is available to the bowel. Davidson and MacDonald^ 
have described the suspension of fat-soluble preparations for intTavenous 
use: up to 450 mg. of vitamin Ki >vas dissolved in 15 to 20 ml. of absolute 
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alcohol, which was then slowly mixed with 1 to 1.5 1. of 5 to 10% sterile 
glucose solution (the alcohol may lead to transient euphoria). Phelps and 
JoiK^s^ employed a similar tec.hnic[ue but increased the dose of phytyl 
menadione or its oxide to 1 g. Blood transfusions were reported by Kinsey" 
to be more effet^tive in the treatment of the bleeding of hepatic failure if 
the blood donor was i)retreated with vitamin K; confirmation is lacking.^^ 

1). ACTION OF VITAMIN K 

As has all•(^ady been suggested, prothrombin production is believed to 
be intimately ndated to the liver, for a constant level of prothrombin in 
the blood is found only if hepatic function is approximately normal. Assays 
of prothrombin in portal lymph demonstrated a concentration near that of 
the blood, whereas lymph from other soun.'es had lesser concentrations.^® 
These facts suggest either that the plasma prothrombin is synthesized in 
the liver or that the finishing touches of proteins made elsewhere are ac- 
c()mi)lishod by the liver. Furthermore, the action of vitamin K is demonstra- 
ble only if hepatic function is adeejuate. The work of Jaciues’ group" 
indicates that vitamin K displaces dicoumarol from the liver and so ap- 
parently acts on that organ. There is other eviden(*e that may link vitamin 
K with the liver: Nassi and Ragazzini*^ found that relatively large doses of 
vitamin K ((>() to 500 mg.) depressed hepatic, gly(*ogen. Dogs on normal diets 
when given cinchophen did not show clotting changes, according to Hue- 
peiV® but did show (changes when they were given a vitamin K-free diet. 
HonorateVs group" has reported that on either a choline-free or vitamin 
K-free diet rats developed fatty livers; administration of choline or vitamin 
K in either case reduced the hepatic defect. Field and Dam^® were unable to 
detect any (change in hepat ic lipids of vitamin K-deficient chicks, however, 
and the results of the common clinical tests of hepatic function are normal 
in uiK^omplif^at^ed vitamin K deficiency states.^® 

Whether vitamin K acts as a coenzyme for a prothrombin-synthesizing 
enzyme in the liver or whether a part or all of the vitamin is incorporated 
in the prothrombin molecule is not known. The latter might be suspected, 
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since Lyons®® found evidence for a quinone structure in thrombin. The 
consensus, however, is that vitamin K does not actually constitute a part 
of the prothrombin molecule. Dam and associates®^ were unable to find 
any vitamin K activity in refined prothrombin preparations. Quick®® has 
calculated that the amount of vitamin K which will raise the plasma pro- 
thrombin is significantly less than 1 mole for each mole of prothrombin 
(assuming a prothrombin molecular weight of 140,000®® and concentration 
of 20 mg, per 100 ml. in the plasma).®^ Such calculations have nolmeaning 
for non-prothrombic factors whose homeostatic level also seems to depend 
on vitamin K, for molecular data and plasma concentrations are ui^kno^vn. 
The preparation of menadione with in the 2 position, or i\i either 
of the rings, has been described;®® preliminary biologic studies wi^ such 
preparations have been reported.®® 

What enzymes or types of enz 3 niie are involved in the vitamin K reaction 
is by no means clear. A variety of isolated experiments has been perfoimed 
in which naphthoquinones with vitamin K activity have had a stimulating 
or inhibitory effect; in most cases the evidence is not clear whether the 
phenomena are actually vitamin K-specific or are a general property of 
naphthoquinones. Enzyme systems reported to be inhibited by 1 ,4-Uaph- 
thoquinones include heart muscle succinoxidase,®’^ choline acetylase,®® and 
lactic acid-producing bacterial enzymes.®® The configuration of menadione 
and phytyl menadione is theoretically and actually adequate for Stecker 
degradation of a-amino acids.®® 

McCawley and Gurchot®^ reported that the redox potential of vitamin K 
is characteristic of those substances inhibiting catheptic proteolysis. They 
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feel that certain naphthoquinones act as plant respiratory pigments. This 
is of interest, since the plant leaves in which vitamin K is found are capable 
of synthesizing the vitamin to any extent only if exposed to sunlight.®*' ®* 
Wright®^ intimates that vitamin K may be an essential metabolite of all 
forms of life. 

Bacteria are known to produce vitamin K, and the possibility that the 
vitamin is a gro\vth factor has been entertained. According to Gu 4 rillot- 
Vinet®® phthiocol and menadione in concentrations of 10~® to 10~® are growth 
factors for Mycobacterium paratuberculosis and Aspergillus niger, but at the 
concentration at which vitamin K is produced by bacteria (8 to 152 7 per 
gram of dry weight) it is definitely bacteriostatic. The inhibition in vitro 
of many bacteria by vitamin K analogs has been reported: Streptococcus^ 
pneumococcus, Salmonella typhosa and paratyphi, Brucella, Staphylococcus,^^ 
anthrax,®^ mycobacteria,®® corynebacteria;®® the mode of action on the vari- 
ous bacteria may vary with the analog employed.®® Iland^® doubts that the 
vitamins K are true growth factors but suspects they may play some 
metabolic role in the bacteria. The quinone growth-stimulating properties 
may be unrelated to antihemorrhagic activity, since the 4-aminonaphthol 
analog has only an inhibitory action.®® Bacterial inhibition by dicoumarol 
is not reversed by vitamin K, but is reversed by vitamin However, the 
strong bacteriostatic action of salicylic acid is opposed by vitamin K 
(weakly), and, in the case of the inhibition of Fusaria by 2-chloromenadione, 
menadione is strongly competitive.®® Inhibition of streptococcal growth by 
the pigment iodinin^* and of the growth of yeasts by 2,3-dichloro-l,4- 
naphthoquinone^® is counteracted by menadione. 

Other inhibitory actions of menadione have been demonstrated, again 
without information as to the specificity of the inhibition. Menadione and 
derivatives shorten the life ot Daphnia magna;^ inhibit the growth of roots 
of Allium cepa, the onion roots becoming yellow and flaccid within a week;*® 
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gel the cytoplasm of Arhacia punctulata eggs, stimulating parthenogenesis;^® 
and inhibit respiration of these sea urchin eggs.'*^ Respiration of Plasmodium 
knowlesi and of yeast (?ells is also depressed. 

In mammals a variety of actions, which seem unrelated to its blood 
coagulating function, has been attributed to vitamin K. For example: 
Chamorro^® administered 10 to 20 mg. of vitamin K daily to prepubertal 
rabbits over a 2-week period; mammary, uteiine, and vaginal cha^iges were 
of the estrogenic type. Somewhat similar estrogenit; effe(*.ts havcjbeen ob- 
served in the guinea pig and rat.^**^ Vitamin K administered in coi^unction 
with follicular hormone is reported to elevate the prothrombin \level of 
normal tomcats.®® In one case of breast malignancy vitamin K seWed to 
oppose the action of slilbestrol.®^ Another reported correlation between 
vitamin K and hormones is the apparently successful treatment of Rh- 
sensitized pregnant women with the vitamin plus progesterone.®- Woolley®*' 
was able to induce toxic changes in pregnant rats and mice with a-tocoph- 
erolquinone; these were apparently a manifestati(jji of the ciuinone, for 
vitamin K but not a-tocopherol prevented the toxi(uty. Chauchard et 
noted peripheral nerve chronaxial alterations in the vitamin K-deficient 
rat; changes w<jrc also induced by cither menadione or dicournarol treat- 
ment, but not if both were gi^'cn together. Muscle strip sensitivity to acetyl- 
choline and potassium is increased by vittimin K acjcording to Torda and 
Wolff.®® Vitamin K is said to lower glutathione in the blood of man or the 
dog,®® elevate the blood sugar of children,®^ reduce the cholesterolernia of 
parkinsonian encephalitis,®® elevate the depressed con(*entration of platelets 
produced by salicylate therapy,®’-* alter the serologic reacjtion and erythro- 
cyte sedimentation rates of syphilitic pati(*nts,®® raise plasma euglobulin 
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and albumin values®^ (not confirmed by Piacentini®^), accentuate the tuber- 
culin reaction, ®3 raise the serum bilirubin level in cases of hepatitis,®^ and 
rectify increased fragility.®® Maltaner and Thompson®® quote Schpnheyder’s 
dissertation as reporting elevated phosphorus and lowered calcium in the 
blood of vitamin K-deficient chicks; their data do not substantiate the 
claim. The anemia of vitamin K deficiency is apparently not a primary 
olTec.t, as suggested by Thayer and associates, ®7 but secondary to hemor- 
rhage.®® According to Busing and Zuzak,®® reduction of complement accom- 
panies the hypoprothrombincraia of vitamin K deficiency in chicks and 
rises when the vitamin is administered; yet Felix and associates^® found no 
clear depression of complement with dicoumarol treatment. The effect of 
menadione derivatives on serum agglutinins is disputed.^^ Hypoprothrombi- 
nemia associated with pernictious anemia has been found responsive to liver 
extracts but not to vitamin K.^- 

Clinical syndromes and diseases reported to be improved or cured by 
vitamin K, other than hy popro thrombi nomic bleeding states, include: an- 
gioneurotic edema,"® arterial hypertension^'* (Taveira^®), ba(?illary dysen- 
tery,^® brucellar meningitis, chilblain,’^ cirrhosis of the liver,^® dental 
caries®® (questioned by Granados and associates®^, hemophilia®^ (contrary 
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to almost universal opinion), hepatitis,** menometrorrhagia,** '^scours” in 
calves,*^ serofibrinous pleurisy,*® thrombocytopenia,*^ • (denied by Zuck- 
er*^), tinea kerion,** and whooping cough.*® The hypoprothrombinemia of 
tuberculosis may be related to gastroenteric or hepatic involvement and 
thus may be amenable to vitamin K therapy.®® 

E. TOXICITY 

Before the advent of dicoumarol, vitamin K was given in dosfes of only 
a few milligrams a day. Now, doses of several hundred milligrams We given 
liberally to overcome dicoumarors anticoagulant activity; for the most 
part no toxic effects have been observed. Phelps and Jones^ did note nausea 
in patients receiving 150 mg. of a menadiol derivative intravenously; with 
600 mg, doses more severe reactions at times occurred. Intravenous injec- 
tions of 1 g. of phytyl menadione led to no reactions, but the oxide of this 
compound in the same dose was followed by a febrile response in one 
patient. From studies on animals it seems likely that man can tolerate 
amounts of vitamin K and its analogs much larger than those now being 
tentatively employed. 

Table VI outlines the toxicity of various menadione preparations given 
in single doses by various routes; the amount administered in milligrams 
per kilogram of body weight of the animal is recorded as that causing death 
in half the animals tested. The immediate cause of death may be circula- 
tory®^ or respiratory failure.®*' ®* 

Molitor and Robinson®* demonstrated that lethal doses of menadione and 
phthiocol were 500 and 350 mg. per kilogram of body weight, respectively, 
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when given to rats daily for 30 days. The growth rate of rats was found by 
Hatton and associates®^ to be diminished if 0.3 % of the diet was menadione; 
when the concentration was raised to 0.8 %, depression of growth was severe 
and was accompanied by anemia and splenomegaly. Sublethal doses of 
menadione derivatives (but not of phytyl menadione) have induced anemia 
in dogs,®® rats,®^ and rabbits,®® but occasionally polycythemia has been 

TABLE VI 

LDfro OF Menadione Derivatives Administered in Single Doses to Animals 


Route of administration 



Intravenous 


Intramuscular or 
subcutaneous 


Oral 


Animal 

Dose® 

Com- 

pound* 

Refer- 

ence 

Dose* 

Com- 

potmd* 

Refer- 

ence 

Dose® 

Com- 

pound* 

Refer- 

ence 

Mouse 

250 


5 

138 

2fr 

91 

200 

1 

94 


450 


92 

250 

2 

93 

500 

2* 

94 


275 


98 

300 

4 

98 

620 

26 

91 





100 

5** 

91 

800 

2 

93 





80 


93 

300 

5 

91 








400 

5 

93 








400 

4 

98 

Ohick 

Dog 

100+ 

3 

5 




840 

2 

91 


100 

4 

98 







Rabbit 

15-20 

2 

98 

15-20 


98 

250 


91 


120 

3 

5 








100 

4 

98 








" Dose in mg. per kg. body weight. 

^ No toxicity with 6 g. phytyl menadione per kg. body weight when administered subcutaneously or 
with 25 g. per kg. given orally. 

^ No toxicity with 25 g. phytyl menadione per kg. body weight when administered orally. 

^ Esters of menadiol were progressively less toxic, in order; diacetate, dipropionate, di>it>valerate, di- 
n-butyrate, di -isovalerate; this last one was not lethal in doses of 18 g. per kg. when administered orally. 

* Compounds administered: 1, phthioool: 2. menadione; 3, menadione bisulfite; 4, menadiol disuoci- 
nate; 5, menadiol. 


observed in the same animals,®^ apparently the result of chronically de- 
creased oxygen consumption.®^ Excess menadione has been found to cause 
methemoglobinemia;®® Cannavd®® has duplicated the hemoglobin change 
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in vitro. Other toxic manifestations in animals are prophyrinuria, albumin- 
uria,®® and hemorrhagic extravasations into the liver and kidneys.®® 

It may be noted that the naturally occurring phytyl menadione is non- 
toxic in amounts that would be lethal if comparable quantities of the 
artificial vitamins had been given. Similarly, when the solubilizing ester 
chains are lengthened, toxicdty decreases (Table VI). As the toxicity de- 
creases with increasing molecular size, so does the antihemorrhagic? activity; 
the two functions seem not to be directly related, however, for the former 
diminishes at a much greater rate than the latter. An even more swiking 
example of disparity between activity and toxicity is the effect of memyla- 
tion of naphthoquinone: toxicity diminishes 7")%, prothrombinogeni(*, 
activity incTeases 2()00-fold.®^ \ 

Potentially, one of the more serious toxic manifestations of vitamin K 
would be overcorrection of the prothrombin deficiency, that is, “hyperpro- 
thrombinemia.” This has actually been reported^®®* and also denied.*®- • *®® 
Curiously, the excess prothrombin is detected by one method alone: “pro- 
thrombin times” on diluted (1 :8) plasma. It should be noted that with this 
method the fibrinogen concentration of the tested plasma is sul)()ptimal 
and the test may refle(!t fibrinogen (*hanges*®^ as readily as it does otlier 
clotting fa(!tors; elevation of plasma fibrinogen has been noted with large 
doses of vitamin K.*®® 


IX. Requirements 

A. OF ANIMALS 
H. J. ALMQUIST 

1. Chick 

Factors influencing the incidence of dietary hemorrhagic disease in chicks 
were discussed by Almquist and Stokstad.^ It was found that the vitamin 
was synthesized in the droppings of chicks and in the lower intestinal trac^t 
where appreciable absorption did not take place. The vitamin K intake of 

R. S. Overman, J. B, Field, C. A. Baumann, and K. P. Link, /. Nutrition 23, 580 
(1942). 
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i<i* G. A. Nitsche, Jr., H. W. Gerarde, and H. F. Deutsch, J. Lab. Clin. Med. 32, Part 
1, 410 (1947). 

1 H. J. Almquist and E. L. R. Stokstad, J. Nutrition 12, 329 (1936). 
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the parent hen was important in the survival of the chick on a K-deficient 
diet and in controlling the blood-clotting time of the day-old (hick.® These 
observations showed a transfer of the vitamin from the hen diet to the chick. 
Alfalfa meal in the hen diet at a level of 2.5 % was sufficient for protection 
of the chick. The vitamin was found in egg yolk but not in egg white. 
Certain indications® that the prothrombin content of chick blood rises for 
the first 3 or 4 days of life despite very low vitamin K intake may have 
been due to assimilation of vitamin K remaining in the unabsorbed yolk 
which normally is present in the chich for some thne after hatching. Cravens 
et al^ have also found that the blood-clotting time and prothrombin content 
of day-old chicks is dependent upon the vitamin K (H)ntent of the ration 
fed the parent hen. One to two per cent of dried alfalfa or grasses was 
required in tlie hen diet to maintain a normal prothrombin (content in the 
day-old chick. In these studies^* ^ higher intake by the hen of vitamin K 
in the form of dried greens had little or no further effect on the chick. 

Tidrick H al^ injecited 2-methyl-l ,4-naphthohydroquinone disulfate into 
hatching eggs and obtained (thicks with superior reserve stores of vitamin 
K, as indicated by ret ention of prothrombin levels in the (*hicks when fed a 
vitamin K-deficient di(^t. 

On constant submarginal levels of vitamin K in the diet chicks tend to 
show a progrcvssive increase of blood clotting time up to approximately two 
weeks of age and then a decrease.®* ® At this age the hemoglobin level of 
ciii(*ks, even on a normal diet, passes through a minimum phase and begins 
to increase again. The riboflavin requirement is probably at a maximum. 
After 2 weeks the gain in weight per unit weight of food consumed decreases, 
and the food intake of vitamins in referemic to the weight of the bird begins 
to increase. The age of 2 weeks appears to be a sensitive, if not critical, 
physiological stage of the chick. It is evident, therefore, that the vitamin 
K intake reciuired to maintain any particular clotting time would vary 
with the age of the (*hi(rk over the first 2 to 3 weeks of life. However, the 
vitamin K rcciuiremont does not seem to be related to the body weight of 
the chi(;k.® 

If the vitamin K-deficient chick is given a sufficiently large dose of the 
vitamin the clotting time or prothrombin time can be restored in 4 to 6 
hours.^"^” 


* H. J. Almquist, E. Mecchi, and A. A. Klose, Biochem. J. 32, 1897 (1938). 
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313 (1041). 
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Much of the data on which comparisons of time of action and kind of 
vitamin K may be based were expressed in terms of the number or per- 
centage of depleted chicks in which the blood-clotting time was reduced to 
10 minutes or less in 18 hours after dosage. A clotting time of 10 minutes 
probably represents a blood prothrombin level of only 20 to 30 % of nor- 
mal.^® Nevertheless, the data obtained in these assays have comparative 
value. The amount of vitamin Ki for a curative effect by these sjtandards 
was found to be approximately 1 y per chick by se\^eral groups of investi- 
gators.®- The corresponding dose of mcthylnaphthociuinone 0.3 7” 
to 0.64 y}^ With the same criterion of effect the curative dose in a G-hour 
assay was 1.5 7 of vitamin Ki and 0.5 7 of methylnaphthoquinon^.” 

Later assays based upon the prothrombin-clotting time have sho\\\n that 
5 7 of methylnaphthoquinone was sufficient to bring the blood prothrombin 
content of a chick from 10 % of normal to normal in 4 hours.® In another 
example, a 16 7 dose of methylnaphthoquinone was required for complete 
recovery of prothrombin in 6 hours, whereas 8 7 gav^e about 50 % recovery.^® 
In 18 hours the prothrombin was restored to normal by a dose of 6 to 8 7 of 
methylnaphthoquinone while, at the same time, the whole blood-clotting 
time was reduced to 2 minutes by as lit tle as 1 7.’® 

In longer assays, 5 days or more, approximately 2 7 of methylnaphtho- 
quinone daily per chick is required for a normal range of prothrombin.®' 
Vitamin Ki at a daily level of 2 7 is insufficient,*^ and the full reciuire- 
ment may be as high as 3.8 7® in the young chick. 

Qualitative requirement for the vitamin has been shown to exist with 
several other kinds of birds.*® 


2. Rat 

Greaves and Schmidt*^ found that the low prothrombin in bile fistula rats 
could be corrected by administration of a \itamin K concentrate. It was 
difficult to deplete rats of vitamin K by dietary means, but eventually this 

■ A. J. Quick and M. Stefanini, J. Biol. Chem. 176, 946 (1948). 

•E. Fernholz, S, Ansbacher, and H. B. MacPhillamy, J. Am. Chem. Soc. 62, 430 
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was done by Greaves'® and by Dam and Glavind'® and the curative effect 
of vitamin K demonstrated. Some individual rats remained highly resistant 
to depletion attempts. Flynn and Warner^® found that depleted bile fistula 
rats required approximately 1000 7 of phthiocol or 2 7 of methylnaphtho- 
quinone daily for moderate recovery of prothrombin level in 2 days. The 
disulfuric acid ester of methylnaphthohydroquinone, which is much less 
potent than the parent compound, was required at 8 7 per day to cure 
depleted rats.-' 


3. Dog 

Dogs rendered vitamin K-deficient by cholecystnephrostomy were found 
by Collentine and Quick‘^- to respond to 9 7 of phytyl menadione per kilo- 
gram of body weight when administered intravenously. With this dose the 
“prothrombin time^’ returned to normal in 4 hours and persisted at that 
level for 24 hours. From this rapid response it seems likely that much smaller 
doses would have appreciable effects. It should be stated that changes in 
“prothrombin time” and in the actual prothrombin concentration bear no 
fixed relationship to each other, so that no direct comparison can be made 
of minimal dosages determined by the various methods. 

B. OF HUMAN BEINGS 
CHARLES A. OWEN, JR. 

Few studies have been conducted on human beings to ascertain the 
minimal quantities of vitamin K derivatives necessary to correct the clot- 
ting changes of the vitamin’s deficiency. Even in animals few reports have 
been published, primarily because a severe deficiency of vitamin K which 
^^^ll be uniform for a period sufficient to enable one to analyze various 
dosages is difficult to obtain. Another problem which faces the investigator 
is the one of vitamin K stores. Although only small amounts of vitamin K 
can be recovered from the various organs of normal animals,®** it is 
apparent that these stores are significant when the minuteness of daily 
needs is realized. Direct evidence that these stores are important may be 
deduced from the observation that a prolonged vitamin K-free diet scarcely 
alters the blood coagulability of rats; if ligation of the common duct is now 
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performed, the plasma prothrombin falls much more rapidly than that of 
rats similarly operated on, which, however, had a normal diet.^^'^^ 

In the newborn infant it has been suggested^** that a single intramuscular 
dose of 10 7 of 4-amino-2-methyl naphthol HCl given at birth will prevent 
almost completely a prolongation of the “prothrombin time” during the 
first week of life; daily doses of 1 y were equally effective. Once the “physi- 
ologic hypoprothrombinemia” had developed, 1 y was sufficient to reduce 
the “prothrombin time” to normal. Hardwicke,^*-* using a diphosphpric acid 
ester of menadiol, reported comparable results when the vitamin wks given 
orally. Adler’s*® results also tend to be confirmatory. \ 

Taylor and coworkers*^ have found that the hypoprothrombin^ia of 
sprue is rectified by administration of cortisone; they suggest tliat improved 
intestinal absorption of fats and fat -soluble vitamins is the explanation. 
An attempt was personally made to find the least daily dose of vitamin 
K which would elevate the plasma prothrombin in such patients. Re- 
peated determinations of the plasma prothrombin of an untreated patient 
with non-tropical sprue yielded values ranging from 2 to 4 % of normal, yet 
with no signs of bleeding. 4-Amino-2-methyl naphthol IK'l given intra- 
muscularly on consecutive days induced no response in doses of 1 and 2 7; 
the prothrombin level rose to 1 1 % with 5 7, to 21 % with 10 7, and to 34 % 
with 20 7. Although no further vitamin K was given, it seems likely that 
much less than 1 mg. would have raised this patient’s prothrombin to 
normal. 

J. I). Greaves, Am. ./, Phyniol, 126, 42t) (1930). 
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1. Nomenclature and Formulas 


ROBERT S. HARRIS 


Accepted names; Niacin, niacinamide (United States) 

Nicotinic acid, nicotinic acid amide (British) 
Obsolete names: Vitamin PP 
PP factor 

Pellagra preventive factor 

Pellagramine 

Niamid 

Empirical formulas: Niacin: CeH502N 

Niacinamide: C6H6ON2 

Chemical names: Niacin; pyridine- 3 -carboxylic acid 

Niacinamide: pyridine- 3 -carboxylic acid amide 
Structural formulas: 


H 

C 

. 

HC. ,C— COOH 

I I iS 

HC. ,CH 

\./ 

N 

Niacin 


H 

C 

^ . 

HC C— CONH, 

I II 

HC CH 

\ . 

N 

Niacinamide 


n. Chemistry 

J. M. HUNDLEY 
A. ISOLATION 

Nicotinic acid, so named because it was first discovered as an oxidation 
product of nicotine, was first isolated from natural materials by Funk in 
1911.* Funk thought, at first, that the substance which he obtained from 
yeast and rice polishings was the pigeon beriberi factor. Almost simultane- 
ously Suzuki and associates,* who also were searching for the antiberiberi 
vitamin, isolated nicotinic add from rice. CJonsiderably later Vickery* iso- 

‘ C. Funk,/. Physiol. 43. 395 (1911) [C. A. 6, 1923 (1912)); /. Physiol. 46, 173 (1913); 

Bnt. Med. J. I. 814 (1913). 

» U. Suzuki, T. Shimamura, and 8. Odake, Biochem. Z. 48, 89 (1912); U. Suzuki and 

8. Matsunaga, J. Ayr. Tokyo Imp. Univ. 6, 59 (1912). 

» H. B. Vickery, J. Biol. Chem . 68. 585 (1926) . 
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lated nicotinic acid from yeast. However, none of these investigators real- 
ized the true biological significance of the substance they had isolated. 

The first demonstration of a biochemical function for this substance 
came from the work of Warburg and Christian^* ^ who isolated nicotinamide 
from coenzyme II (TPN) and demonstrated its function as part of a hy- 
drogen-transporting coenzyme,®’ ^ Almost at the same time von Euler et 
al? isolated a substan(;e from coenz 3 rme I which was identified as nicotina- 
mide (see p. 482). Coenzyme I (DPN, cozymase) had long been known as 
a substance necessary for the alcoholic fermentation of carbohydrates by 
yeast, Kuhn and Vetter* further established the potential importance of 
nicotinamide in metabolism by isolating it from heart muscle. 

The true nutritional and biological significance of nicotinic acid became 
evident in 1937 following the reports of Elvehjem et aU^ that it would cure 
blacktongue in dogs and that nicotinamide could be isolated from liver 
(.‘oncentrates which were active in curing canine blacktongue.^^ The activity 
of nicotinic acid in curing blacktongue was quickly confirmed by Street 
and Cowgill.^® Late in 1937 Spies et Fonts et and Smith et 
almost simultaneously announced that nicotinic acid would cure pellagra, 
a fact confirmed by innumerable reports since that time. The rather uni- 
versal biological significance of nicotinic acid was further confirmed by the 
reports of Knight,^® Mueller,^® Koser et aZ.,^^ Tildes/* and Landy^* in 1937 
and 1938, showing that this substance was an essential growth factor for 
a variety of bacteria. 

* O. Warburg and W. Christian, Biochem. Z. 274, 112 (1934). 

“ 0. Warburg and W. Christian, Biochem. Z. 276, 112, 464 (1935). 

® 0. Warburg, W. Christian, and W. Griese, Biochem. Z. 282, 167, (1935). 

’ O. Warburg and W. Christian, Biochem. Z. 287, 291 (1936) 

* H. von Euler, H. Albers, and F. Schlenk, Hoppe-Seyler'a Z, physiol. Chem. 287, 

180 1 (1935); 240, 113 (1936). 

» R. Kuhn and H. Vetter, Ber. 68, 2374 (1935). 

C. A. Elvehjem, R. J. Madden, F. M. Strong, and D. W. Woolley, J. Am. Chem. 

Soc. 69, 1767 (1937); /. Biol. Chem. 123, 137 (1938). 

" C. J. Koehn, Jr., and C, A. Elvehjem, J. Nutrition 11, 67 (1936). 

H. R. Street and G. H. Cowgill, Proc. Soc. Exptl. Biol. Med. 87, 547 (1937). 

T, D. Spies, C. Cooi>er, and M. A. Blankeiihorn, Paper presented before the Cen- 
tral Society for Clinical Research, Chicago, 111., November 6, 1937; J. Am. Med. 

Assoc, no, 622 (1938). 

P. J. Fouts, O. M. Helmer, S. Lepkovsky, and T. H. Jukes, Proc. Soc. Exptl. Biol. 

Med. 87, 405 (1937). 

'' D. T. Smith, J. M. Ruffin, and S. G. Smith, J. Am. Med. Assoc. 109, 2054 (1937). 

B. C. J. G. Knight, Biochem. J. 81, 731 (1937). 

J. H. Mueller, J. Biol. Chem. 120, 219 (1937) . 

” S. A. Koser, A. Dorfinan, and F. Saunders, Proc. Soc. Exptl. Biol. Med. 88, 311 

(1938). 

P. Fildes, Brit. J. Exptl. Pathol. 19, 239 (1938). 

“M. Landy, Proc. Soc. Exptl. Biol. Med, 88, 504 (1938). 
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1. Isolation of Nicotinic Acid 

Nicotinic acid is easily isolated from most natural materials, the exact 
technique to be adopted depending on the nature of the material. In yeast, 
nicotinic acid may be extracted directly without preliminary hydrolysis.^ 
With most materials, acid or alkaline hydrolysis is necessary to liberate 
the free acid. Removal of fat with suitable solvents is a desirable preliminary 
to hydrolysis, especially when dealing with animal tissue. Nicotinic acid 
may be extracted directly from the acidified hydrolyzed maternal using 
organic solvents (see p. 460). The free acid may be separated from this 
extract as such, or in the form of an ester, or as the copper salt, ^he free 
acid can be obtained from the copper salt using hydrogen sulfide. Nicotinic 
acid can be purified by recrystallization from water or alcohol or by subli- 
mation. 

Nyc et isolated nicotinic acid from Neurospora mycelium in the fol- 
lowing fashion. The mycelium was extracted with acetone. The acetone 
extract was dried, redissolved in water, filtered, and treated with Ba(OH )2 
and heat. After neutralization with H 2 SO 4 filtration and further adjustment 
of the pH to 4.2 with HCl, the nicotinic acid was adsorbed on charcoal 
(Norit A). The active material was eluted with hot 4 % aniline in water, 
the aniline removed mth ether, and the watery eluate taken to dryness. 
The dry residue was dissolved in hot absolute alcohol, the solution filtered, 
again taken to dryness, and dissolved in water. Nicotinic acid was crystal- 
lized from the concentrated aqueous solution and was recrystallized from a 
1 :4 mixture of acetic acid and benzene. In a later publication^^ this proce- 
dure was modified. A paper strip chromatogram developed with n-butanol 
saturated with 0.2 N ammonium hydroxide was used to separate nicotinic 
acid (labeled with from unwanted materials. Nicotinic acid could be 
eluted from the appropriate part of the paper strip and crystallized with 
added “carrier” nicotinic acid. The very small amount of nicotinic acid 
(300 to 900 7 ) which was present in the extracts studied by these workers 
made special techniques necessary, Yanofsky and Bonner^® also have de- 
scribed procedures for isolating small quantities of nicotinic acid using 
paper strip chromatograms. 

2. Isolation of Nicotinamide 

This substance can be isolated usually by water extraction, followed by 
partial hydrolysis with 0.1 N sulfuric acid to liberate free nicotinamide. 

J. F. Nyc, H. K. Mitchell, E. Leifer, and W. H. Langham, J. Biol, Ckem. 179, 783 

(1949). 

« E. Leifer, W. H. Langham, J. F. Nyc, andH. K. Mitchell, J, Biol. Chem. 184, 589 

(1950). 

” C. Vanofsky and D. M. Bonner, J. Biol. Chem. 100, 211 (1951). 
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This solution can then be extracted with w^butanol or chloroform,^** in 
which nicotinamide is soluble. The chloroform solution may be subjected 
to fractional distillation, nicotinamide distilling at 150 to 160® at 5 X 10“^ 
mm. Hg.® The distillate may be recrystallized from organic solvents such 
as chloroform, benzene, or ethylene glycol. 

Warburg and Christian’ have described the procedure they used to ob- 
tain nicotinamide from red blood cells. Coenzyme I (DPN) and coenzyme 
II (TPN) were first isolated in a purified state (see p. 482 for method). The 
(^oenzyme (DPN) could then be hydrolyzed with dilute sulfuric acid, lib- 
erating free nicotinamide. Adenine could be precipitated as the silver salt. 
The mother liquor and washings from this step were cleared of silver with 
hydrogen sulfide and the nicotinamide extracted with amyl alcohol. After 
filtration and concentration, nicotinamide was precipitated from the amyl 
alcohol solution wth picrolonic acid. The picrolonic acid salt could be 
recrystallized from hot water. Treatment with hydrochloric acid yielded 
the free nicotinamide hydrochloride,* which was in turn recrystallized from 
hot ethanol. 

The procedure used by the Wisconsin workers in isolating nicotinamide 
from liver was somewhat involved but essentially as follows.^®* 

Liver paste was suspended and extracted with a 40 % ethanol, 50 % diethyl 
ether, and 10% water mixture. The concentrate from this step was ex- 
tracted with acetone. Several successive concentrations and extractions 
with amyl alcohol, 95 % ethanol, acetone, and finally water were used. The 
nicotinamide was adsorbed from the water extract using charcoal (Norit A) 
and eluted with a mixture of 4 parts methanol and 1 part pyridine. Metha- 
nol and pyridine were removed by evaporation. The dry residue was ex- 
tracted with acetone and the extract evaporated to dryness. This dry resi- 
due was placed in a molecular still and held at 160 to 165® and 1 X 10“^ mm. 
pressure for 3 hours. The distillate was dissolved in alcohol and treated 
with alcoholic mercuric chloride to yield a precipitate which was dissolved 
in dilute HCl and decomposed with H 2 S. Crystalline nicotinamide appeared 
in the concentrated filtrate. 

Bovarnick®’ has described a procedure by which she isolated pure nico- 
tinamide from heated asparagine-glutamic acid mixtures. Presumably, a 
paper strip chromatogram technique similar to that described for nicotinic 
acid could be used in the isolation of small quantities of nicotinamide, 
although this has not yet been reported. It is known, however, that nico- 

” H. von Euler, F. Schlenk, L. Melzer, and B. Hdgberg, Hoppe-Seyler*s Z, phyaioL 

Chem. 258, 212 (1939). 

** P. Karrer and H. Keller, Helv. Chim. Acta 22, 1292 (1939). 

** C. A. Elvehjem and C. J. Koehn, Jr., J. Biol Chem, 108, 709 (1935). 

C. J. Koehn, Jr., and C. A. Elvehjem, /. Biol Chem. 118, 693 (1937). 

M. R. Bovarnick, J. Biol. Chem. 158, 1 (1944). 
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tinic acid and nicotinamide, as well as related metabolites, can be separated 
on paper strips with appropriate solvent systems.^*®* 

3. Separation of Nicotinic Acid and Nicotinamide 

This can be effected by extraction of a water solution with ether, chloro- 
form, or benzene. The amide dissolves in the organic solvent while the acid 
remains in the watery phase. Nitranilic acid may also be used foij this pur- 
pose, since it forms an alcohol-soluble compound with the acid tint an al- 
cohol-insoluble compound with the amide.®* Certain amines \such as 
piperidine, n-butylamine, morpholine, or diethylamine ^vill reacts with a 
suspension of nicotinic acid, but not with nicotinamide, in a non-kqueous 
solvent such as benzene to give a soluble amine salt. The unreactea nico- 
tinamide can be filtered and recovered almost 100 % pure.*^ 

The acid and the amide may be separated using paper strip chromatog- 
raphy as mentioned previously. This technique also separates free nico- 
tinamide from that which is bound in coenz 3 ntnes.“®- Free nicotinamide 
may also be separated from coenzyme-bound nicotinamide by acetone ex- 
traction which dissolves free nicotinamide but not the coenzymes.**' 

This separation must be carried out promptly when extracting mammalian 
tissues, since many of them contain very active nucleotidases which break 
down the coenzymes unless inhibited by acetone or some other agent (see 
p. 507). 


4. Isolation op N^-Methylnicotinamidb 

This substance was isolated in pure form from urine by Huff and 
Perlzweig,**^ using a rather simple procedure. The urine was acidified with 
acetic acid, clarified with charcoal, partially evaporated, the residue ex- 
tracted with 95 % ethanol, this extract again evaporated, and the residue 
extracted with 80 % ethanol. After evaporation of this extract, the residue 
was taken up in water and adjusted to pH 4 with acetic acid and sodium 

“ B. C. Johnson and Pei-Hsing Lin, Federation Proc. 10, 203 (1951). 

**E. Leifer, L. J. Roth, D. S. Hogness, and M. H. Corson, J. Biol, Ckem. 190* 
595 (1951). 

M C. F. Huebner, Nature 167, 119 (1951). 

« E. Kodicek and K. K, Reddi, Nature 168, 475 (1961). 

^ E. G. Wolfish, M. Schmall, and E. G. Shafer, Anal. Chem. 23, 768 (1951). 

•• E. Muller, Hoppe~8eyler*8 Z. physiol. Chem. 268, 246 (1941). 

M J. R. Berg, U. S. Pat. 2,496,114 (January 31, 1950). 

»» H. von Euler and G. GUnther, Hoppe-Seyler's Z. physiol. Chem. 248, 1 (1936). 

•• H. von Euler, H. Heiwinkel, and F. Schlenk, Hoppe Seyler*8 Z. physiol. Chem. 247, 
IV (1937). 

w J. W. Huff and W. A. Perlzweig, J. Biol. Chem. 160, 395 (1943). 
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acetate. The N'-methylnicotinamide was adsorbed on a Decalso (Pennutit) 
column. After the column had been washed to remove impurities, the N*- 
methylnicotinainide was eluted, using 25% potassium cUoride solution. 
The eluate was alternately evaporated and extracted with ethanol until 
almost entirely free of potassium chloride. The characteristic picrate of 
N‘-methylnicotina«iide was then formed, recrystallized, and decomposed 
with hydrochloric acid to yield the free N‘-methylnicotinamide which could 
be crystallized from absolute ethanol. Other investigators have used meth- 
ods differing but slightly from that described above.® - ** Beher*® has re- 
ferred briefly to a method for isolating semimicro amounts of N*-methyl- 
nicotinamide in which the compound is adsorbed on a cation exchange 
resin and eluted with dilute hydrochloric acid which in turn is removed 
mth an anion exchange resin. The procedure was stated to give better 
3 delds and was less time consuming than older methods. 

5. Isolation of 6-Pyeidone of N^-Methylnicotinamide 

Knox and Grossman^* isolated this substance from urine. The urine was 
decolorized with basic lead acetate and the compound adsorbed on Lloyds’ 
reagent. After washing mth 0.01 N hydrochloric acid, the compound was 
eluted from the Lloyd’s reagent with absolute ethanol. After evaporation, 
the residue was dissolved in water and the compound extracted into iso- 
butanol. This extract was dried with calcium sulfate, evaporated, and the 
residue extracted with acetone Crystals were obtained from the concen- 
trated acetone extract. Recrystallization could be accomplished from either 
acetone or water. 

6. Isolation of Other Nicotinic Acid Metabolites 

The isolation of dinicotinylomithine from chicken droppings has been 
described by Dann and Huff.® Ackerman® was apparently the first to 
isolate nicotinuric acid. He administered nicotinic acid and isolated both 
nicotinuric acid and trigonelline from urine. The nutritional significance of 
nicotinic acid was not known at that time. Linneweh and Reinwein® also 
isolated this substance from human urine. 

“ M. Hoohbcrg, D. Melnick, and B. L. Oser, J. Biol. Chem. 168. 265 (1945). 

" J. M. Hundley and H. W. Bond, J. Biol. Chem. 178, 513 (1948). 

W. T. Beher, Abstr. 118th Meeting, Am. Chem. Soc., Chicago, p. 73C (September 

3-8, 1950); 

" W. E. Knox and W. I. Grossman, J. Biol. Chem. 166, 391 (1946) ; 168, 363 (1947). 

« W. J. Dann and J. W. Huff, J. Biol. Chem. 168, 121 (1947). 

® D. Ackerman, Z. Biol. 69, 17 (1912). 

Linneweh and H. Reinwein, Hoppe-Seyler'a Z. phynol. Chem. 907, 48 (1932); 

909. 110 (1932). 
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7. Isolation of Coenzymbs I and II 

а. Coenzyme I (Diphosphopyridine nucleotide, DPN, cozymase) 

This substance has not yet been isolated in an absolute chemically pure 
form.^^» It can, however, be prepared in 95 % or better purity. Ohlmeyer^® 
obtained a product of exceptional purity, as judged by extinction coefficients 
at 340 mpt and other criteria, by isolating reduced DPN from a burified 
oxidized DPN preparation (see p. 483). The early investigationsl of von 
Euler and his group and Warburg and associates in isolating this (joifcnzyme 
have been cited elsewhere (p. 480 and 482). The methods applied by these 
workers to purify DPN and to separate DPN from TPN and other impuri- 
ties have been outlined in Section IV. It should be noted that none of 
the procedures described to date for isolating ‘‘pure’' DPN (or TPN) has 
yielded crystalline products. 

Improved and less cumbersome procedures have been devised in more 
recent years which permit the isolation of DPN in a purity quite satis- 
factory for most biochemical work. Williamson and Green^® and Sumner 
el have devised methods which have found (considerable use. These 
and other methods have been reviewed by LePage.^ Still more recently 
Kornberg and Pricer^® have described a modification of Williamson and 
Green’s method which yields DPN in about 95 % purity. This method is 
attaining increasingly wide acceptance and use. The coenzyme is extracted 
from starch-free baker’s yeast with hot water. This extract is treated with 
basic lead acetate, and DPN precipitated with silver nitrate. The precipi- 
tate is decomposed with H 2 S and the DPN again precipitated with acetone. 
The product at this stage has a purity of 76 to 83 %. Further purification 
is achieved by adsorption on Dowex-1 resin, elution with 0.1 N formic acid, 
and reprecipitation with acetone. Other investigators have also employed 
ion exchange chromatography to purify DPN.®® 

б. Coenzyme II (Triphosphopyridine nucleotide, TPN) 

TPN has been isolated in a form almost as pure as DPN, but it has not 
been completely purified. Warburg ei ’ were the first to describe a 
method for isolating purified TPN. The details of their procedure are de- 

K. Wallenfels and W. Christian [Angew. Chem. 64, 419 (1952)] have recently an- 
nounced the crystallization of DPN as a quinine salt. This product crystallized as 
fine, almost featherlike needles arranged in sheaves and gave a melting point be- 
tween 162 and 170° with decomposition. 

« P. Ohlmeyer, Biochem. Z. 297, 66 (1938). 

^•S. Williamson and D. E. Green, J. Biol, Chem. 135, 347 (1940). 

J. B. Sumner, P. S. Krishnan, and E. B. Sisler, Arch. Biochem. 12, 19 (1947). 

^ G. A. LePage, Biochem. Preparations 1, 28 (1949). 

^ A. Kornberg and W. E. Pricer, Jr., Biochem. Preparations 2, (1962). 

*• J. B. Neilands and A. Akeaon, J. Biol. Chem. 188 , 307 (1951). 
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Crystal {oim 

Meltinpoint, 

Melting 
point of 
picrate, 

•c. 
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violet 

absorp- 

tion 

maximum 

Other properties 

Solubility 

Reference 

IMiietdd 

CtM'COiB 

m.ii 

Needles from EtOH 
(see text) 

235 

225-227 

2619 A. 

Sublimes Xa» 1.4 X 
l(l‘‘at25“ 

Sol. in hot HiO 
SoLinhotEtOH 
Slightly sol. in ether 

8eeteit;3,53 

Nicotinic add hydrochloride 
CiH*N-HCl‘COiH 

159.57 

Prisms from HjO 

27f275 

272 (3) 




Sot. in EtOH 

Soi. in HiO 

Insol. in ether and 
benzene 

54 

Nintiiiuiiide 

CiM-CONHi 

m.i2 

Needles from benzene 

133 

12f 131 (53) 

193 

2915 A. 

SublimM'atA 

XIO-'on.Hi 

Very sol. in HjO 

Very sol. in EtOH 
Very slightly sol. in 
ether 

See text 

Nicotinuricadd 

CiHiN'CONHCHiCOjH 

180.15 

Crystallized from 
dilute HCl 

210-212 

100-102 



Very sol. in HiO 

Very sol in EtOH 

93,55, 59 

Nt-Metbylnicotinainide 

CjHiNCfl«Cl-CONHj 

I72i 

Rosettes or prismatic 
bars from abs. ale. 

230.5 (39) 
233-234 (37) 
240 (57) 

189.5 

2915 A. 

Crystals decompose 
Bt233’(39) 

Sol. in HiO 

Sol. in EtOH 

Slightly sol. in hot 
abs. ale, 

37, 39, 57; for 
infrared 
spectrum 
see 58 

ft-PyridoneofN^niethyl* 

nicotinamide 

CiHiONCHi'CONHi 

152.15 

White crystals from 
acetone 

2Mi 

i 


2000 A. 
and 
2900 A. 

Ultraviolet absorp- 
tion at 2000 much 
more intense than 
nicotinic acid or 
nicotinamide 

Sol in HiO 

Sol. in EtOH i 

Insol in less polar 
solvents 

41 

Diniootinyi 

Ornithine 

PotBaeiumSalt 

CnflwOiNiK 

n 

White non-hygro- 
soopic solid from 
ab.£tOH 

202-253 




8oLiDBiO,£tOH 
SI.ioLiDabi.EtOH 
Imol. Id ether, ace- 
tone, eh Worm 

42 

I 

[ 

Ucetyl pyridine hydrO' 
chloride 

CiHiNHa-COCHi 


White crystalline 
powder 




Free base boils at 90- 
92' (5 mm.) and 
melts at 13-14' 

■1 

59 

QiWiiieidd 

CtEiN'M 

in.i 2 

Colorleas monoclinic 
crystals from HiO 

232-237 
when heated 
quickly 



Blow heating subli- 
mation begins at 

100, gas evolution 
at 188-190' 

SoUnhotHiO 
Slightly sol in EtOH 
Very sol. in ether 

Insol in benzene 

00 
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scribed in Section IV. LePage and Muller®^ have described a procedure for 
obtaining TPN from hog liver. More recently, Kornberg and Horecker“ 
have developed a method, part of which is a modification of the method 
of Warburg and Christian, which can produce TPN of 92 % purity. TPN is 
extracted from freshly killed sheep liver with hot water. Proteins and nu- 
cleic acids are removed by precipitation with trichloroacetic acid. TPN is 
precipitated from the filtrate with mercuric acetate, the salt decomposed 
with H 2 S, and TPN precipitated with acetone. This product, w^hicfe has a 
purity of 8 to 13 %, is further purified by ion exchange chromatography 
using a Dowex-1 formate column, and reprecipitation with acetone. \ 

\ 

B. CHEMICAL AND PHYSICAL PROPERTIES \ 

1. Nicotinic Acid 

Nicotinic acid is an odorless, white crystalline compound which melts 
at 234 to 237® and sublimes without decomposition above this temperature. 
It has a molecular weight of 123.11, and the composition C 6 HBO 2 N. It has 
a tart taste. Table I summarizes many of the properties of nicotinic acid 
and related compounds. 

a. Solvbility 

One gram is soluble in 60 ml. of water or in 80 ml. of ethanol at 25®. It is 
almost insoluble in ether but is freely soluble in boiling water, in boiling 
ethanol, and in aqueous solutions of alkali hydroxides and carbonates. 
The solubility of nicotinic acid, its hydrochloride, and its sodium salt in 
some common solvents is shown in Table II. 

b. Stability 

Nicotinic acid is non-hygroscopic and very stable in the dry state. SoJu- 
tionsmay be autoclaved at 120® for 20 minutes without destruction. It is 
stable on heating with 1 or 2 iV mineral acid and ajkali. 

G. A. LePage and G. C. Mueller, J, Biol. Chem. 180, 776 (1949). 

** A. Kornberg and B. L. Horecker, Biochem. Preparations 2 (1952). 

•* Vitamins Reviews, Niacin and Niacinamide. Merck A Co., Rahway, N. J., 1947. 
N. A. Lange, Handbook of Chemistry, 6th ed. Handbook Publishers, Sandusky, 
Ohio, 1946. 

« Y. Sendju, J. Biochem. (Japan) 6, 161 (1926). 

C. A. Elvehjem and L. J. Teply, Chem. Revs. 33, 186 (1943). 

P. Karrer, G. Schwarzenbach, F. Benz, and U. Solmssen, Helv. Chim. Acta 10, 826 
(1036). 

“ 0. H. Gaebler and W. T. Beher, J. Biol. Chem. 188, 343 (1951). 

^ F. M. Strong and S. M. McElvain, J. Am. Chem. Soc. 56, 816 (1933). 
w L. M. Henderson, J. Biol. Chem. 178, 1005 (1949). 
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c. Crydal Siruclwre 

Commercial nicotinic acid crystallized from water or ethanol occurs as 
needle-like crystals or as a crystalline powder.®* Keenan®* and Wright and 
£jng®® have made extensive studies of the crystal structure of nicotinic 
acid. When carefully crystallized from water, 95% ethanol, or 1:1 mix- 
tures of water and 95% ethanol, the crystals appeared either as small 
rods or as flat, colorless monoclinic plates with {010} as the predominant 
form and a characteristic edge angle of 114®. All crystals were found to be 
twinned either about the c axis or across the 100 plane to a greater or lesser 
degree and exhibited a fibrous structure. Examination under the polarizing 

TABLE II 

SoLUBiLiTT* OF Nicotinic Acid, Sooiom Nicotinate (Hemihtdrate), a.vd 
Nicotinic Acid HTDBOCHiiOaiDE at Various Temperatures (prom 
Y. M. SiiOBODiN AND M. M. Goldman““) 




Nicotinic acid 


Na nicotinate 

Nicotinic 

acid'HCl 

Temperature, *C. 

H*0 

96% EtOH 

Saturated 
NaCl solution 

HgO 

HsO 

0 

0.86 

0.57 

0.8 

9.5 

1.73 

15 

1.3 

0.92 

1.03 

23.11 

8.5 

38 

2.47 

2.1 

1.61 

31.16 (30**) 

14.23 

61 

4.06 

4.2 

2.45 

39.11 

17.01 

78 

6.0 

7.06 

3.54 

43.2 

19.6 

100 

9.76 

— 

5.9 

49.78 

21.48 


“ Solul^ty as fnuns per 100 ml. 


microscope gave the results shown in Table III. The density of nicotinic 
acid crsrstals was 1.473 ± 0.002 (g. cm.~*) as determined by a flotation 
method.*® Debye-Scherrer x-ray, oscillation, and Weissenberg photographs 
were also taken and the results recorded.** 

d. Absorption Spectrum 

Solutions of nicotinic acid exhibit a characteristic absorption spectrum. 
The absorption spectrum in aqueous solution has been studied by Hiinecke,** 
who reported a iuRviTnnm at 385 A. Hughes et oZ.** have made an extensive 

**■ Y. M. Slobodin and M. M. Goldman, Zhur. Priklad. Khim, SI, 859 (1918) [C. A. 
43, 6207 (1949)]. 

. ** G. L. Keenan, J. Assoc. Offic. Agr. Chemists 36, 614 (1943). 

•* W. B. Wright and G. S. D. King, Acia Crysi. 8, 31 (1950) . 

••H. Httneoke, B«r. 60, 1461 (1927). 

** E. B.' Hughes, H: H. G. Jellinek, and B. A. Ambrose, J. Pkys. A Colloid Ckm, 63, 
414 (19W). 
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study of the ultraviolet absorption spectrum of nicotinic acid at pH values 
from 1.28 to 13.0 (Fig. 1). The concentration of nicotinic acid used in de- 
riving the curves shown in Fig. 1 was 0.0004 Af, and the ionic strength 
was the same at each pH. It will be noted that the molecular extinction 
coeflBcient varied with pH, although the absorption maximum was at the 
same wavelength, 2615 A., in each instance. There was a straight-line. rela- 
tionship between extinction coefficients and concentration of nicotinid acid 
(Beer’s law, Fig. 2). The validity of Beer’s law was also confirmed using 
nicotinic acid solutions at pH 1 .28 and pH 13. \ 

TABLE III 


Optical Properties of Nicotinic Acid for Sodium Light (from W. B. Wright 

AND G. S. D. Kino®*) 


Wright and King 

Keenan 

ni 

1.424 ± 0.002 

1.428 ± 0.003 

rii 

1.717 ± 0.005 

Indeterminate 

nz 

>1.75 (->1.79) 

>1.734 

Extinction 

Both straight and inclined; 
the maximum extinction 
angle observed was 13)^^® 

Parallel, although the sub- 
stance showed many rod- 
likc fragments which did 
not extinguish sharply 

Acute bisectrix 

Xi in a direction ISJ-^® from 
the c axis in the obtuse 
angle 0 


Optic plane 

Optic plane and Xz normal to 
1010] 

— 

Optic axial angle 

2Fi « 46® 

— 

Optic sign 

Negative 

— 

Maximum bire- 
fringence 

>0.32 


Monoclinic angle 

0 * 114® 

-- 


e. Dmociation Constanta 


From the data depicted in Fig. 1, Hughes et al.^ were able to calculate 
dissociation constants for nicotinic acid. The spectra fell into two groups, 
each having two isobestic points indicating two equilibria. The first two iso- 
bestic points were at wavelengths of 2495 A. and 2695 A. and were associated 
with pH values from 1.28 to 4.08. They belong to the dissociation equilib- 
rium of nicotinic acid when acting as a base. 


/V 


COOH 


4-H,0 


^^^V-COOH 

NN/ 


+ OH- 



Concentration in moles per litre 

Fig. 2. Demonstration of Beer’s law in buffer at 4.25. (From Hughes et al.**) 
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The second group of isobestic points at 2465 A. and 2710 A. covering a 
range of pH values from 4.4 to 13.0 is associated with the acid equilibrium 
of nicotinic acid. 




-COOH 


/V-, 






-coo- 


+ HaO+ 




The acid and base dissociation constants as calculated by two methods 
are shown in Table IV. Ostwald®® reported the acid dissociation conWant 
of nicotinic acid as Ka - 1.4 X 10“^ (25®). \ 


/. Chemical Pr(yperiiee 


\ 


The fact that nicotinic acid is an amino acid is often overlooked. Al- 
though not an a-amino acid, it is nevertheless at once both a carboxylic 
acid and an amine and, accordingly, exhibits the characteristic properties 


Table IV 

Thermodynamic Dissociation Constants for Nicotinic Acid at an Average 
Temperature of 22® db 2® 


Isoelectric 



l>Ka 


pXfc 

Kh 

point 

Method 1 

4.95 

1,12 X 10"‘ 

10.45 

3.55 X 10-» 

4.25 

Method 2 

4.91 

1.23 X 10-® 

10.45 

3.55 X lO-** 

4.23 


associated with the simultaneous presence of these two groups in a molecule 
(although it does not form a zwitterion in solution®^). It is soluble in both 
acids and bases, forming quaternary salts with the former and carboxylic 
acid salts with the latter. It possesses an isoelectric point (pH 4.23*^.25). 
Its high melting point is characteristic of amino acids. Its strength as an 
acid exceeds its strength as a base. A 1 % aqueous solution has a pH of 
about 3.“ 


(1) Properties associated with its basic character 

Nicotinic acid, like other compounds containing a basic amino group, 
forms quaternary ammonium compounds. Thus, hydrogen chloride con- 
verts it to nicotinic acid hydrochloride, a white crystalline solid readily 
soluble in water (see Tables I and II) but insoluble in benzene and ether. 
It has a melting point at 272® (with decomposition).* 



4- HOI 



H?* W. Oitwald, Z. phyaik. 


Chem. 9, 369 (1889). 
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Similar reactions occur with other acids. Nicotinic acid nitrate* melts 
at 184 to 185®. The picrate of nicotinic acid separates from absolute alcohol 
in modular aggregates of short rhombic prisms which melt at 221 to 222® 
to a red oil which begins to decompose at 250®.* This compound contains 
66.6 % picric acid.® 


OM 





XOs 



Nicotinic acid (and nicotinamide) react with methyl iodide and simOar 
alkyl iodides to yield compounds which are readily soluble in water (see 
p. 492). 


Ln/ 


-COOH (^’“'V-COOH 

+ CHJ 


CH, I 


(2) Properties associated with its acidic character 

Salt formation occurs when nicotinic acid is treated with alkali or an 
alkaline earth hydroxide. The ammonium, sodium, potassium, calcium, 
magnesium, etc., salts are readily formed as white crystalline solids by 
titration of the acid with the hydroxides, viz,: 


COOH 

ij 


-f NaOH 


'^^^^^V-COONa 


+ H,0 


Heavy metal salts convert nicotinic acid to the metallic nicotinates. 
This property has proved useful in recovering nicotinic acid from reaction 
mixtures** and from dilute nicotinic acid solutions, tince salts such as 
copper niootinate are quite insoluble at certain pH values. Nicotinic acid 
(and nicotinamide) reacts with HgCU to form insoluble chloromercurates 
which crystallize in characteristic forms. Gautier** has proposed tiie use of 
this reacticm as a means of microchemically characterizing nicotinic acid 
and nicotinamide. Nicotinic acid will react with mercuric acetate as shbwn 
in the following equatioa 

« t' ?• S- 2.487,874 (Novismbor W, 1W»). 

A,. Qauttet, e^. onol. M. 88 (18M). 
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r^\— cooH 


+ Cu(C.H,0,), 


-COO 




Cu + HC,H,0* 


Esters of nicotinic acid are obtained by heating the acid in the appropriate 
alcohol in the presence of a catalyst, usually sulfuric acid.®® Esters are also 
obtained when nicotinyl chloride is treated with an excess of th^ alcohol. 

O O 


C— Cl -OR 

-f ROH / -f HCJ 

The esters of nicotinic acid possess characteristic aromatic odors. Tlie 
physical properties of a number of these esters are given in Table V. 

Nicotinic esters, like other esters, are converted to the amides by treat- 
ment with an excess of amines. 

O 

C— OC 2 H 6 

|^\/ -f NH, 

2. Nicotinamide 

This compound is a white crystalline powder, odorless or nearly so, 
with a bitter taste. It crystallizes as needles from benzene and melts at 
129 to 131®. It has a molecular weight of 122.12, and the composition 
CeHeN20.®®’ A solution in water is neutral to litmus (1 % solution in wa- 
ter = pH 6). 

а. Solubility, One gram is soluble in 1 ml. of^ater, in 1.5 ml. of 
ethanol, and in 10 ml. of glycerol. It is soluble in acetone, amyl alcohol, 
ethylene glycol, chloroform, and butanol. It is slightly soluble in ether and 
benzene. Nicotinamide has a strong solvent effect on riboflavin.’^® 

б. Stability. In the dry state nicotinamide is (juite stable if kept below 
60®. In aqueous solutions it may be autoclaved at 120® for 20 minutes with- 
out appreciable destruction.®* It distills at 150 to 160® and 6 X 10^ inni. 
Hg.® It is converted to nicotinic acid by acid and by alkali. 

•* C. O. Badgett, R. C. Provost, Jr., C. N. Ogg, and C. F. Woodward, J. Am. Chm- 
80 c. i7t 1135 (1945). 

^ U. S. Pharmacopeia, 14th Revision, p. 379, 1950. 

D. V. Frost, J. Am. Chem. Soe. 39 , 1064 (1947). 


O 

li 

C— NHv 


+ CaHfiOH 
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(c*) Crystal Structure. The detailed (Tystal structure of nicotinamide has 
been investigated by Keenan,®^ by Mc^Crone and Cook/^ and by Wright 
and King.®^ Keenan reported that nicrotinaniide crystallized in colorless 
small rods which exhibited both parallel and olilique extinction. He gives 
the following values for the refractive indices: a ecpial to 1.485 ± 0.002 
and 7 greater than 1.734. McCrone and Cook en(‘ountered (‘onsiderable 
difficulty in preparing (crystals suitable for microscopic; examination but 

TAHLE 

Some IOsteus ok Xicotinic Acid (adavted kkom Haixjett cl 



Soiling point 

Mm. 

Density 


Solubility 
in H..O, 
g./UH) ml. 
soln., 25° 

Melting point of 
picrate, “('. 

Methyl 

in.p. 38° 






Etlivi 

88 

3.5 

1.1047 

i.axw 

60 

147.5-148.0 


72 73 

0.2 

1.0711 


950 

129.5 130.0 

//-Uutvl 

75-79 

0.15 

1 .0471 


261 

113.5-114.0 

«-Amyl 

93 

0.22 

J.0217i 

.■I847i 

081 

98.5 99.0 

isoamyl 

259 

Atm. 


1 

- 

- 

« -Hexyl 

103-104 

0.2 

1.0133 

.4897 

046 

87.5-88.5 

a-Tlcptyl 

119 

0.19 

0.9939 

.4846’; 

040 

92.5-93.5 

//-Octyl 

119 117 

0.2 

0.9871 

.48561 

.019 

89.5 90.0 

a -Non y I 

133.5 

0.28 

0.9852 

.4853i 

1 .020 

99.5-100.0 

?/"I)ccyl 

140141 

0.25 

0.9714 

.4847 

.017 

91.0 94.5 

//-rndccyl 

159 190 

0.5 

0.99(X) 

.4829 

.017 

103.5-103.8 

/j-Dodecyl 

f.j). 22.7 


0.9356 

.4750 

.015 

99.5-100.5 

//«Tctrad(‘cy1 

m.p, 40.2-40.8 




.012 

102.4- 103.0 

a-Hcxadcoyl 

m.p. 49.7- 47.0 




.013 

103.0-103.5 

/<-Octa<lecyl 

m.p. .55.3-55.8 




.014 

! 107.7 107.9 


() 

I! 


li 

r-C~~ OH 


tiiially obtained crystals from ethylene glycol on a microscopic slide, as 
shown in Fig. 3. In addition they found any one of four polymorphic forms 
Nvhen ni(^otinamide was crystallized from a melt, two of which are shown 
in Fig. 3. Nicotinamide I recrystallized from common solvents appeared 
as long, prismatic monoclinic rods showing well-developed prismvs and 
domes. M(*Cronc and Cook present the various measurements of the crystal 
inorphology and (crystal optics of nicotinamide I. The density was 1.401 rh 
0.002 (g. cm.*"*) as determined by a buoyancy method using carbon tetra- 
^^ hloride and petroleum ether. 

W. C\ McCrone, Jr., and J. W. Cook, The Frontier 10 , 12-2S (1947). 
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(a) Crystals of a commercial product of nicotiuamicle. 



(b) Characteristic sublimate of nicotinamide; crossed Nicols. 

3 (a-d). Various crystalline forms of nicotinamide. (From McCrone and Cook. 
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/ 



(c) Crystiils of nicotinamide from ethylene glycol on a microscopic slide; crossed 
Nicols. 



(d)Jl^olymorphic transformation. Nicotinamide I growing into nicotinamide II; 
crossed Nicols. 
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Wright and King®^ obtained nicotinamide (*rystals which differed in some 
respects from those of McCronc and Cook. In their work ni(H)tiiiamide 
crystallized from ethylene glycol as monocdinic* crystals of prismatic^ habit, 
elongated parallel to the c axis and showing {110} as Ihe predominant 
form. All crystals were twinned either about the c axis or across the 100 
plane. When crystallized from water, acetone, benzc^ne, glycerol, or fi’om 
mixtures of ethylene glycol and Avater (50% or more), th(\v app(|ared as 
lath-shaped monoclinic crystals, elongated parallel to the c axis Iind (ex- 
hibiting {010} as the predominant form with a characteristic ('dgV angle 
of 99®. The optical properties of ni(iotinamide for sodium light, a\ul the 



Fir.. 4. iritraviolot jihaorjilion spectrum of nicotinamide (•) and X^-inethyl- 
nicotiiianiido (O). The concent ration of tmth compoundM was 2 X 10“ '’ M, in ^\nter, 
at pH 7.0. (From Cantoni.^^’’) 

findings from Debye-Scherrer x-ray, ostdllation and Weissenberg photo- 
graphs of nicotinamide crystals are presented in Wright and King’s publi(*a- 
tion. 

(d) Absorption Spectrum. The absorption spectrum of ni(*otinamide in 
water was determined by Warburg et al.,^ who found a maximum absorf)- 
tion of 2600 A. with a molecular extinction coefficient of 4.5 X 10^ Kuhn 
and Vetter® reported a similar absorption maximum but with a sliglitly 
higher extinction coefficient. Figure 4 shows the ultraviolet absorption 
spectrum of nicotinamide in comparison to N^-methylnicotinamide. 

Jellinek and Wayne^^ have studied the ultraviolet absorption specd.ruin 
of 0.0003 M nicotinamide solutions at pH values of 5.72 to — 1 .06 with 
the results depicted in Fig. 5. They found an absorption maximum 

G. L. CRntoni, J. Biol. Chem. 189 , 203 (1951). 

'2 H. H. G. Jellinek and M. G. Wayne, J. Phy«. & Colloid Chem. 66, 173 (1951). 
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6.5r Xl03 



0.5 1 • 

2400 2500 2600 2700 2800 

Wavelength A 


Ki<i. .5 ritraviolot a))S()rpHoii spc(?1rH of iiirotinamkle at various pll values 
<rroin Jellinek and Wavne.’^j 


6.1 • xlO^ 



pH 

J^iG. 6. Dissociation curve for nicotinamide at X « 2615 A, (From Jellinek and 
Wayne.’*) 
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2(U5 A. (the same as for nicotinic acrid), with the molecular extinctions of 
the maxima decreasing as the pH values iiuTeascnl. The mohrcular extinction 
coefficients for the peak values are plotted against the pH values in Fig. (>. 
(c) DisHOciafion (U}nsfantis. Jellinek and (lordon""* studied the hydrolysis 
of ni(*otinamide in hydrochloricr a(*id solutions and found that it differed 
considerably from the hydrolysis of other amides such as benzamidcj in that 
the first-order rate constants for the hydrolysis did not pass through a 
maximum between 0.5 :V and 8.0 N HCl. A(‘(*ording to their results, two 
reactions occur. An equilibrium is set up rapidly: H+ H, CON lb +^11+ 
H+RCONH.,+ followed by a slow hydrolysis: iOHCOXH^' + 11;, p+ 
H'^RCOOH + NH 4 '^ + H*^. Th(' hydrolysis showed a positive salt effect. 
(XaCl). The effects of temperature and hydrotdiloric acid concentration on 
the rate of hydrolysis were determined. 

The dissociation constant due to the amido group and the thermodynamic 
dissociation constant of the nitrogen in the ring were also evaluated spcM*- 
troscopically by Jellinek and Wayne Their results irulicated a constant 
of 2.24 X 10"" for the nitrogen in the ring and 3. It) X 10 " as the base* 
constant for the amido group, th(‘ latter agreeing well with the studies of 
HCl hydrolysis. 

(/) Chemical ProvcrticH, Many of the chemical properties of nicotinamide 
have been referred to previousl 3 ^ Xi(*otinamid(» undergo(\s the Hoffman 
degradation to 3-aminopyridine.^^ If nicotinamide is distilled with Put >5 at 
25 mm. pressure or SOCb at 100°, 3-cyanopyridin(' is formed."'* 

Il-CONH, 

<»r l» 50 fc‘ 


Nicotinamide and esters of ni(*otinic acid react with acids and alkyl 
halides to form (juaternary salts as already depicted for nicotinic acid.*’^- 
The carbon in the 0 position seems to be the most reactive* ring carbon 
in nicotinamide."^^ Karrer cl have demonstrated that an amide group 

H. H. G. Jellinek and A. Gordon,./. Phya, Polloid ('hem. 63, 096 (1040). 

A. Philips, Ann. 288, 253 (1805). 

I. M. Heilbron and H. M. Bunbury, Dictionary of Organic Compounds, V"ol. Ill 
Oxford University Press, New York, 1046. 

’6 W. Konig, J. prakt. (^hem. 69, 105 (nKJ4); 70, 10 (1004). 

W. Ciusa and G. Xebbia, Gazz. chim. Hal. 79, 521 (1040). 

M. F. Zienty, J . Am. Pharm. Ahhoc. 37, 00 (1048). 

W. h]. Knox and W. 1. Grossman, J . Am. Cham. *Sor. 70, 2172 (1048). 

P. Karrer, F. Kahnt, H. Epstein, W. Jaffc, and T. Lshii, Heir. ('!him. Acta 21, 2‘J 
(1938). 
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ill the position of the pyridine rinjr sperifi(*ally facilitates the reversible 
reduction of corresponding* pyridinium salts. 

3. OruKK Compounds Uelatiod to Xk’otixk^ Actd 

I'he properties of se\'eral (‘ompounds related to nicotinic acid are listed 
in Table 1. 


(\ CONSTITUTION OF NI(K)T1NTC ACID 

'rhe stnu'ture of ni(*otinic acid was determined shortly after it was first 
isolated from th(* oxidation products of nicotine.^' • ^2 presence of a 
pyridine rinji; can be established by boilinfj; nicotinic a(*id with calcium hy- 
droxide. Carbon dixoid(' is sjdit off and free pyridine obtained. The (*ar- 
])oxylic a(!id f»Toup can be identified by the formation of metallic salts and 
by the formation of derivatives su(*h as esters and the acid chloride (see 
pp. ‘4()4"()). The existence of the basic ring nitrogen can be inferred by the 
formation of salts such as the hydro(*hloride and the hydrobromide and 
by th(* formation of ciuaternary ammonium compounds such as nu^otinie 
a(*id inetho<*hlorid<» and methoiodide. 

The fa(*t, that the (‘arboxylic* acid group was in the 3 ( 13 ) position was 
proved by Skraup and (\)benzF' by oxidation of 3-phenylpyridine the 
structure of which was proven. Benzol/ liiuinoliiu' was oxidized to 3-phen- 
ylpyridinecarl)oxylic acid, from which 3-phenylpyridine was formed by 
decarboxylation, 'lliis in turn oxidized to nicotinic acid.^^* The 3 position 
of the carboxyl group was further established by the formation of nicotini(? 
acid from synthetically prepared ^?^-dipyridyl.^^ 

Simpl(»r proof of the (*onstitution of nicotinic acid is cited by von Richter^^ 
from the behavior of 2,3-pyridinedicarl)oxylic acid ((luinolinic acid) and 
3,4-pyridinedicarboxylic acid (cinchomeronic acid). When the former is 
h(*ated, ni(*otinic acid is formed by elimination of one (*arbon dioxide group. 
When the latter is heated, lioth nicotinic aidd and isonicotinic acid (4-pyri- 
dinecarboxylic acid) are formed. Therefore nicotinic acid is 3-pyridine- 
carboxylic acid. 

C. Huber, Ber. 3, S40 (1S70); Ann. 141, 271 llS()7). 

11. Weidcl, Ann. 166, 381, :U6 (1878). 

Z. 11. Skriuip, Monahh. ('hnn. 1, S(K) (ISSO). 

Z. H. Skraup auil A. (-obcnzl, Monaiah. (^hcm. 4 , 480 (1888). 

V. vou UichtiM', The UheniiBlry of the Carbon Compounds, Vol. lY, p. 214. Elsevier 
l^ublishing ("o., New York, 1946. 

11. H. UosenberK:, Chemistry and Phyaiologv of the Vitamins, p. 22;i. Interseience 
l^lblishers, New York, 1942. 

’ Z. H. Skraup and (1. Vortmann, }Ionatsh ('hem. 4 , 594 (1888). 
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D. SYNTHESIS 
1. Nicotinic Acid 

a. From Nicotine 

Nicotinic acid (^an be obtained from nicotine by treatment with fuminp; 
nitric^ acid,^- with (‘hroraic acid,*^^ or by permanganate’*^ as indicat^ed below. 
When nicotine is treated with bromine water, dibromoti(U)nine |s formed 
whi(di decomposes in barium hydroxide solution, through the inwmediato 
indicated in parentheses, to ni(H)tinic acid, mc'thylamine, and maloi\ic acid.^-' 



h. From l3-Picolinc and Other d-Suhstifuied Pijridines 

Nicotinic acid (?an lie synthesized from sul)stituted pyridines such as 
^^-picolino^'*'*-^- and 8-ethylpyridine®'**”® by suitable oxidation methods. For 
example, /i-pi(*oline is refluxed for 2 to 3 hours with H 3 P ()4 and HNOa, the 
IINOs and H^O distilled up to 200°, and the oxidation repeated with small 
portions of HNOs. The final residue is diluted with water, treated with 
NaOH, giving nicotinic acid.®® This oxidation may also be carried out with 
oxygen-containing gases in the presence of catalysts such as V 2 O 6 nr V-iOs 
containing small (juantities of Fe 203 ,®^ 

jS-Picoline can be prepared by heating glycerol with P 2(.)6 and substances 
containing ammonia or, better, ammonium phosphate.®® It may also be 

It. Laiblin, Her. 10, 2136 (1877); 136, (1879). 

V. von Richter, The Chemistry of the Carbon Compounds, Vol. IV, p. 337. Klsevicr 

Publishing Co., New York, 1946. 

H. Weidel, Ber, 12. 1992, 2004 (1879). 

II. Ost, J. prakt. Chcm. [2]27, 286 (1883). 
w E. SeyfTerth, J. prakt. Chem. [2]34, 258 (1886). 

** H. Weidel and K. Hazura, Monainh. Chem. 3, 783 (1882). 

A. Ladenburg, Ann. 301, 152 (1898). 

A. Wischnegradski, Ber. 12, 1480 (1879). 

F. E. Cislak and W. U. Wheeler, U. S. Pat. 2,396,457 (March 12, 1945). 

F. E. Cislak and W. R. Wheeler, U. S, Pat. 2,437,938 (March 16, 1948). 

»« P. Schwarz, Ber. 24. 1676 (1891). 
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prepared by coiidensiiif? /i^-oxoearboxylic* acid esters and iS-diketones with 
aldehydes and ammonia (Hantzsch’s method).®^ it^-Picoline is commonly 
re(*overed from coal tar. 


c. From Quinoline 

(Quinoline (!an be oxidized to 2,3-pyridinedicarboxylic acid (quinolinic 
acid) with or with acids.^^* For example, (luiiioline plus 

H 2 SO 4 , HNOs, and TlgO (as a catalyst) when luxated to 300° |<?ivcs an 88.4 % 
yi(4d of nicotinic acid whi(*h can lie recovered as the copper salt.*‘^® SeOs is 
also an effective catalyst in converting quinoline to nicotinic aedd in high 

Vield.l»7. 108 



\ 

lO] ^ 

, N 

— COOH 

heat or 


- (TJOII 

''X ' 


» 


—coon 

acid 

X ^ 



Quinoline Quinolinn; acid Nicotinic acid 


(/. From Pyridine 

Pyridine may be sulfonated with fuming sulfuric acid, yielding the 
3 -sulfonic acid. Wlien th(' sodium salt of this (*ompound is distilknl with 
))otassium cyanide, 3-cyano})yridine is formed. This (*ompound may then 
be hydrolyzed to nicotinii* acid. An alt<»rnative procedure is to brominate 
pyridiiK* in the 3 position and treat with cuprous cyanide to yield 3-cyano- 
pyridine.^^® 


-Jir 

-f CuACS)., 


pyridin e 

A 


\ 


/ 


nci 

A 


r—COOlI 


•’* V . von Richter, The Chemist ry of the Carbon Compounds, Vol . IV , p. 198. Elsevier 
Publishing Co., New York, 194G. 

S. Hoogewerff and W. A. van Dorp, Ann. 204 , 117 (1880); 207 , 219, 226 (1881); 
Itec. irav. eh ini. 1 , 122 (1882). 

H. Camps, Arch. Pharrn. 240 , 353, 359 (1902). 

II. Weidel and J. Herzig, Monaish. Chem. 1, 16 (1880). 

F. B. Ahrens and R. Gorkow, Her. 37, 206J1 (1904). 

S. HoogewerfT and W. A. van Dorp, Ber. 14 , 974 (1881). 
jo.’i Weidel and J. Herzig, ^fonat8h. Chem. 6, 982 (1885). 

M. S. Larrison, U. S. Pat . 2,475,969 (July 12, 1949). 

M. B. Mueller, U. 8. Pat. 2,436,660 (February, 1948). 

***“ F. Porter, M. Bumpers, and J. N. Crosby, U. 8. Pat. 2,513,251 (July 27, 1950). 

0. Fischer, Ber. 16 , 63 (1882). 

8. M, McElvain and M. A. Goese, J. Am. Chem. Soc. 63 , 2283 (1941). 
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e. Other Methods 

Trigonelline (the betaine of 3-pyridiiie(*arboxylic a(^id) can be converted 
to nicotinic acid by heating at 200° for 1 to 3 hours with pyridine hydro- 
chloride or hydrobromide. Nicotinic acid can be separated as the (*opper 
salt which can be decomposed with hydrogen sulfide in formic acid.”^“ 1'rig- 
onelline may also be converted to nicotinic acid by luxating with! hydro- 
chloric acid in a closed tube at 200°^^^ or by heating in a mixture o\ potas- 
sium hydroxide and ammonia. 

/. Isotopic Nicotinic Acid 

Murray et al}^^ have prepared carboxjfi- labeled nicotinitr acid i^ the 
following fashion with an over-all yield of GO to 80%: 


. — c:*()()ll 


Nico 
acid 

Nicotinic acid may also be labeled with deuterium. Trenner et have 
described a procedure whereby deiiteronic^otinic acid can be prepared by 
direct exchange of nicotinic acid with deuterosulfuric acid. The amount of 
tracer in the product can be determined using infrare^d spectroscopy. 

2. Nk’otinamide 

a. From Nicotinic Acid 

Nicotinamide can be formed from nicotinic acid by treating with ammo- 
nia or molten urea at 230°,"®'"** preferably with a (*a1alyst such as NH4 
molybdate. 

b. From Esters of Nicotinic Acid 

Esters of ni(;otinic acid such as the methyl and ethyl esters (*an be reacted 
with aqueous or alcoholic ammonia to yield nicotinamide. ***’ ■ 

iiott j Woijlard, J. P. Messerly, and M. Tischler, IJ. S. Pat. 2,HS1,794 (August 7, 1945). 
E. Jahns, Ber. 20, 2840 (1887). 

J. W. Huflf, J. Biol. Chcm. 166, 581 (HH6). 

A. Murray, III, W. W. Foreman, and W. Larigham, Science 106, 277 (1947). 

N. R. Trenner, R. W. Walker, B. Arison, and C. Trurnhauer, Anal. ('hem. 23, 487 
(1951). 

S. Keimatsu, K. Kokata, and I. Satoda, J . J*harm. Soc. Japan 63, 994 (1933). 

E. Cherbuliez and F. Landolt, Helv. Chim. ActaHIB, 1438 (1940). 

E. F. Pike and R. S. Shane, U. S. Pat. 2,412,749 (December 17, 1946). 

P. W. Garbo, U. S. Pat. 2,419,813 (April 29, 1947). 

C. Engler, Ber. 27, 1787 (1894). 

1*0 F. Poliak, Monaish. Chem. 16, 53 (1895). 

F. B. LaForge, J. Am. Chem. Soc. 60, 2377 (1928). 


I I + 

3-Bromo- //-Butyl- 

pvridine lithium 


j I + 

3-Pyridyl- 

lithium 
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c. From S-Caanopyridine 

Nicotinamide can be produced directly from the above compound by 
partial hydrolysis in an aqueous alkaline solution t^ontaining a sufficient 
quantity of alkali to produce a larger portion of nicotinamide than nicrotinic 
acid but insufficient to complete the h3^drolysis of the cyanopyridine.*--’ 
Ni(H)tinamide can also be produ(*ed from this compound by treating with 
M2O2 and NaOir-^ or by heating the (*ompound with water, XH3, or an 
amine.^^® 

3. Synthesis of Related Compoi nds of Biological Importam e 
<1. d-Acetylpyridinc 

Kthylni(‘otinate undergoes normal Claisen-typc' condensations. With 
ethyl ai^etate in the presence of sodium ethoxide, ethylnicotinoa(*etate 
is formed in good yield. 

O 0 0 

O il |1 

V-O-O— C2II5 „ V-C—ClIaC— OC,Ih 

+ VAhC-OC,\h 

N X 

The latt;er may be hydrolyzed to S-acetylp^yridine in excellent yield using 
hydrochloric acid,^*- 

0 O 0 

C— CH,— C— OC.IU C—CIb 


4- C().> + C^HaOH 


b. N^-Methylnicotmaniide 

Nicotinamide (and nicrotinic acid) react readily with methyl iodide and 
similar alkyl iodides to yield the corresponding N^-substituted deriva- 
tives.^7' These may then be conveited to the corresponding chloride (the 
form in which this compound is ordinarily used) by treatment with silver 
chloride. 

Uritish l*al. 563,184 (August 2, 1944) [(’. A. 40, 2473 (1946)]. 

B. K. Duesel and 11. L. Friedman, U. S. Pat. 2,471 ,518 (May 31, 1949). 

J. F. Couch and C. F. Kreevson, U. S. Pat. 2,453,496 (November 9, 1948). 

H. 11. Rosenberg, U. S. Pat. 2,446,957 (August 10, 1948). 

H. Gilman and II. S. Broadbent, J . Am. Chem. Soc. 70, 2755 (1948). 
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c. (i-P undone oj N^-Methijlnicotinamide 

This compound has been prepared from coumalic a(*id by ring closure 
^yith methylamine.^-^ It may also be prepared by an alkaline ferricyanide 
oxidation and subsequent treatment with SOCl-j and ammonia, using cither 
trigonelline or N^-methyhii(50tinamide as starting material.^^® 

d. Pyridine 3-Snlfonic Acid t 

This substaii(*e may be prepared hy the direct sulfonation of pyridine 
with fuming sulfuric ac'idJ^*'*^* Mercury is an (effective cataly.#. in the 
reaction. 


E. SPECUFICITV 

The biological effect of various modifications in the nicotinic acid mole- 
cule is discussed in Section V (p. 517). 


III. Industrial Preparation 

J. M. IIUNDJ.KV 

The current (1952) annual production of nicotinic acid is probably in 
ex(^ess of 2 million pounds. The latest available data^ indicate that about 
ih million pounds of nicotinic acid and nicotinamide were produced in 
the United States during 1950 (Table VI). This accounts, on a weight 
basis, for aV)Out 41 % of all vitamins prodiKjed. Since the period (covered 
by this report, two new plants for the production of nicotinic acid have 
gone into operation.- One of these plants has an annual (capacity of over 
1 million pounds. This large production reflects a market demand stimu- 
lated not only by the widespread use of nicotinic acid and derivatives in 
vitamin preparations and other medicinal products but the large quantities 
used in the enrichment of bread and cereals. 

The details of the manufacturing processes being used in the new plants, 
referred to above, have not been revealed. However, one will base its 
production on coal tar raw materials, presumably quinoline or jS-picoline, 

H. von Pechmaii and W. Welsch, Ber. 17, 2384 (1884). 

J. W. Huff, J. BioL Chem. ni, 639 (1947). 

A. J. P. van Gastel and J. P. Wi})aut, Rec. Irav. chim. 53, ]031 (1934). 

G. Machek, Monatsh. Chern. 72, 77 (1938). 

1 Synthetic Organic Chemicals. U. S. Production and Sales of Medicinals. U. S. 

Tariff Commission, Washington, D. C., 1950 (Preliminary Report published July, 

1951). 

* Chem. Eng. News 29, 4686, 5136 (1951). 
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both of which (‘an l)e obtainod from coal tar distillation. Scworal of the 
chemical rea(dioiis which could be applied usin^^ these starting? materials 
have already been described (see p. 474). The oxidation of bases from coal 
tar or petroleum^ or from bone tar oil^ which distill between 135 and 142° 
is a well-known procednr(^ Th(^ second plant will base its production on 
aldehyde collidine. This process is, in principle, the same as the ciuinoline 
proc*ess, i.e., the raw matc'rial is oxidized with manganese dioxide and 
sulfuric acid with or without a selenium catalyst, or with nitric acid, to 
yield the pyridinedicarboxylic acid whicdi in turn is heated to remove one 
of the carboxyl groups (sec^ p. 475). Details of a proc^edure which can be 
used to produce nicotinic a(*id from nic^otine have been descril)ed by S. M. 
Mc'Elvain.'** 


TAHLK VI 

.\N\CAn (1950) l'Roi)r(TioN' of Xkotixk’ Acid and Other Vitamins 
IN THE United Siates 



Pounds 

Xicotinic acid and nicotinamide 

1,.U7,6(K) 

.-Vacorbic acid and salts 

1,227,500 

Thiamine 

237, 4(X) 

Iliboflavin 

199,000 

Pyridoxine 

17,5(X) 

(’alcium pantothenate 

155,400 

Choline 

104, 9(K) 

Vitamin A 

95,3(X) 

Vitamin Da and D.? 

2,6(X) 

Other (including vitamin K) 

72,9(X) 


Many processes are available by which nicotinic acid could be produced. 
The choice of a commercial process depends not only on the efficiency of 
I he chemical react ions but on the current availability and cost of the 
various starting materials and the market for secondary reaction products 
(e.g., isonicutinic acid derivatives), (-hemical reactions which c*oulcl be ap- 
plicnl in the industrial preparation of nic*otinic acid and of nicotinamide, as 
well as many of the pertinent patents and references have been listed in 
Sc'ction II, 

“ A. Pimicr, Bew 33 , 1227 (19(K)). 

^ H. Woidol, Ber, 12 , 1992, 2(K)4 (1879). 

® S. M. McElvain, in Organic Syntheses, Coll. Vol. T, 2 ik 1 ed., p. 385. John Wiley 

iind Sons, Xew York, 1941. 
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IV. Biochemical Systems 

J. M. HUNDLEY 
A. INTRODUCTION 

Like most other B vitamins, nicotinic acid (or a derivative) is required 
by all living cells. It. is an essential part of certain coenzymes vvtich cata- 
lyze chemical reactions essential to cellular life. So far as is knc(\vn, nico- 
tinic* acid has no metabolic function other than that exerted thiVmgh the 
coenz^TOes of which it is a part. \ 

Actually, specific biochemical functions for ni(*otinic acid were du^c^overed 
before it was known that this sul)stancc was a vitamin. In 1934 \Varburg 
and Christian^ - found that nicotinamide was part of the coenzyme II 
molecule. The following year nicotinamide was isolated from cozymase 
(coenzyme I) by von Euler and associates-* and later by Warburg and 
Christian.** It was not until 1937, when Elvehjern d al} discovered that 
nicjotinic* acid would cure blacktongue in dogs and the subsequent finding 
that it would cure pellagra in man, (s(*e p. 453) that the full bi()logical 
significance of this simple organic molecule was realized. SiiK^e these pioneer 
dis(*overies more than forty biochemical reac^tions have been identified 
which are dependent on these two coenzymes. More reac^tions will likely be 
discovered. Most of these reacitioris have been studied in great detail. Much 
exact information is available on the mechanism and kineti(*s of the reac- 
tions, on the effe(*t of environmental influences, and on the interdependence 
of these with other biochcmi(*al reactions. 

However, it is important to remember that most of the detailed informa- 
tion on coenzyme I and II catalyzed reactions has been obtained from 
in vitro studies using simplified enzyme systems. It is well known that 
these reactions are only steps in the very complex series of reactions which 
occur in the intact cell. There are undoubtedly many influences in the 
intact cell which modify the reactions observed in simplified systems. The 
in vivo consequences of blocking or impeding specific, bio(4iemical steps, th(' 
ability or inability to activate alternate reaction pathways, and effects due 
to the accumulation of substrate or abnormal metabolites are only example*^ 
of the complexities involved in evaluating the biochemical function of nico- 
tinic acid in intact organisms. This field has hardly been explored. 

^ 0. Warburg and W. Christian, Biochem. Z, 274, 112 (1934). 

® O. Warburg and W. Christian, Biochem, Z. 276, 112, 464 (1935). 

® H. von Euler, H. Albers, and F. Schlenk, Hoppe -Seyler^s Z, physiol. Chem. 237. 
180 I (1935); 240, 113 (1936). 

* O. Warburg and W, Christian, Biochem, Z. 287, 291 (1936). 

» C. A. Elvehjern, R. J. Madden, F. M. Strong, and D. W. Woolley, J. Am. Chen 
Soc, 69, 1767 (1937); /. Biol. Chem. 123, 137 (1938). 
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Ni(?otinamide containing coenzymes have significan(*e not only in verte- 
brate bio(4iemistry but in the vegetable kingdom as well. This became (Jear 
(luite early not only from the studies on yeast fermentation^ but especially 
due to the studies of the Lwoffs with factor V, an essential growth factor 
for Hcniophilm parainfluenzal They established the identity of factor \ 
with the nicotinamide coenzymes and discovered that these substances 
functioned biochemically in these microorganisms mucdi as had already 
been found in enzyme systems derived from mammalian sources (also see 
p. 550). 


B. COEXZYMES COXTAININCJ NICOTINIC ACID 

Two, and only two, coenzymes are knowji to (contain nicotinic acid.***‘ 
These have been described under various names in the literature. 

1. Coenzyme /, codehydrogenase I, cozymase, Harden’s cofennent, core- 
ductas(^, factor \", (*odohydrase I, and diphosphopyridine nucleotide. 

2. Coenzyme II, codehydrogenase II, Warburg’s coferment, codehydrase 
II, and triphosphopyridine nucleotide. 

Since names which depi(^t chemical structure are generally less (confusing, 
the tc'rminology of diphosphopyridine nucleotide (DPNH 2 for the reduced 
form) and triphosphopyridine nucleotide (TPX and TPNH 2 ) will be used 
in this chapter to refer to coenzymes I and II, respectively. It is recognized 
that this terminology is not quite (‘orrect chemically, since the term nucleo- 
tide? its(»lf implies phosphoric acid content. Nevertheless this terminology 
seems preferable by virtue of (common usage and in view of the fact that 
t hese were the names originally suggested hy Warburg and Christian. 

C. ISOLATION AND IDENTIFICATION 

1. TPN was the third coenzyme to be discovered and the first found to 
contain ni(M)tinamide as part of its structure. In 1934 Warburg and Chris- 
tian^ isolated a nitrogen-containing base from their ‘‘Co-fennent” (TPN) 
which was qui(*kly identified as nicotinamide.- These and lat^r studies^ * ^ 
showed that their (coenzyme contained 1 molecule each of adenine and 
nicotinamide, 3 molecules of phosphoric acid, and 2 molecules of pentose. 
However, there was some uncertainty that one of the sugar molecules 

« A. Lwoff and M. Lwoff, Proc. Roy. Soc. (London) B122, 352, 360 (1937). 

A probalde exception to this has been recorded recently by T. P. Singer and E. 
B. Kearney [A6s/r, 2nd Intern. Congr. Biochem. Paris p. 307 (1962)], who discovered 
a pyridine nucleotide, which was not identical with any known coenzyme, in 
Proteus tndgaris. This coenzyme was necessary for the oxidation of cysteinesulfinic 
acid to cysteic acid and for the dehydrogenation of /3-sulfinylacetic acid. The 
structure of this pyridine nucleotide is not yet known. 

’ O. Warburg, W. Christian, and W. Griese, Biochem. Z. 282, 157 vl935). 
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might be a hexose^ and the manner of linkage of the various molecules 
was not clarified. 

Warburg and Christian encountered their “Co-ferment’^ as a factor 
ne(*essary for the a(;tion of Zwischenferment, an enzyme which oxidized 
glucose ()-phosphate.® They isolated the (^oenzyme in a “pure” form from 
hemolyzed horse erythrocytes by a rather invoh^ed proc^edure employing 
acetone precapitation of the red cell stromata, frac*tiona1 ion with! mc^rcuricf 
acetate and barium hydroxide, precapitation from methanol-HCl \mh ethyl- 
acetate, and further fractional precipitation with lead ac'etate ancft alcohol. 
A fluorescent contamination which interfered with specdrophotometric*. 
studies c'.ould be removed by bromine treatment.** 

2. DPN was the first c'oenzyme to be discovered and the secanid found 
to have nicotinamide as a part of its molecule. It was found by Harden 
and Young® as a material which c^ould be dialyzed from the c*omplex zymase 
system of yeast, the system whicdi c*atalyzes the alc*oholic‘ fermentation of 
carbohydrates. Ac^tually, this soluble diab^zable component of the zymase 
Ksystem contained, as later shown, two coenzymes, cozymase (DPX) and 
phosphorylating coenzyme (adenosine phosphate^. 

By 1933 it was known, from the work of von Euler and Myrbac*k,*® that 
cozymase was an adenine nucleotide. About a yc‘ar after Warburg and 
Christian identified nicotinamide as part of the TPN molecule, von Euler 
et al} isolated a base from cozymase which they b(»lievc»d to be nicotinamide. 
Warburg and Christian^ also isolated a pyridine base from cozymase and 
published convincing evidence of its identity as nicotinamide. From the 
work of both groups, it was evident that cozymase was closely related to 
TPN, since it contained the same structural elements differing only in that 
it contained one less phosphaU* group. 

DPN was originally isolated from brewer’s or baker’s yeast, although 
animal tissues were used in much of the early work. The first “pure” 
preparations were obtained from yeast^* ” by a procedure which consisted 
of hot water extraction, lead acetate precipitation of impurities, coenzyme 
precipitation in consecutive steps as the phosphotungstah^, Hg, Ag, and 
Cu salts, followed by removal of contaminations by Ba and Pb treatment, 
alcohol fractionation, and purification with aluminum oxide. In using ani- 
mal tissue (erythrocytes) as a source material, Warburg and Christiaid 
were able to isolate not only DPN but TPN and adenosine phosphate as 
well. They separated the three nucleotides, utilizing the fact that th(‘ 
barium salt of adenosine phosphate is only slightly soluble in water. The 
barium salt of TPN is only .slightly soluble in dilute alcohol, whereas th(^ 

* O. Warburg and W. Christian, Biochem. Z. 242, 2()6 (1931). 

* A. Harden and W. J. Young, J. Physiol, 32 Proc. 1904 (1005); Proc. Roy. 

(London) B77, 405 (1906). 

K. MyrbS.ck, Ergeb. EnzyniforHch. II, 139 (1933). 

** H. von Euler and F. Schlenk, Svensk Kem. Tidakr. 48, 135 (1936). 
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barium salt of DPN is easily soluble in dilute alcohol. According to Le- 
Page,^ when 3 volumes of alcohol are added to a water solution of DPN 
and TPN at pH 9 in the cold, DPN is soluble to the extent of 5 mg. per 
milliliter or greater while TPN is quantitatively precipitated. Ochoa^* was 
able to isolate DPN from rabbit muscle in good yield and in '*pure*' form 
by modifying the procedure of Meyeriiof and Ohlmeyer.^* 

In the light of more recent information, it is doubtful if any of these 
“pure” preparations of the early workers were actually pure in the chemical 

TABLE VII 

Concentration op DPN and TPN in Various Materials (adapted from 

F. SCHLBNK^***) 

( 7 /g* of fresh weight) 



DPN 

TPN 

Brewer's yeast 

1000-1500 

<10 

Baker's yeast 

1000-1600 

<10 

Muscle (striated rabbit) 

>600 


Liver (rat) 

600-1200 

30 

Kidney (rat) 

400-1000 

40 

Muscle (rat) 

309-600 

80 

Muscle (human) 

400 


Liver (cat) 

430 


Thigh (cat) 

260 


Oxyntic cells, stomach (cat) 

2000 


Retina (cattle) 

1700-4100* 


Erythrocytes (human) 

60-90 


Erythrocytes (horse) 

100 

>12 

Erythrocytes (rat) 

100 

40 

Lobster, Homarus vulgaris^ tail 
Chilomonaa paratnecium 

450 


650 


Pollen {SaliXt Populua) 

700-1000 



" Per gram of fat>free and dry tiauue. 

sense, although they may have been pure from the biochemical standpoint. 
A possible exception to this is the work of Ohlmeyer,^® who isolated DPNHg 
from a purified DPN preparation. The high molecular extinction coeflS- 

“ G. A. LePage in Respiratory Enzymes, p. 87. Burgess Publishing Co., Minneapolis, 
1949. 

S, Oiihoa, Z. 292 , 68 (1937). 

O. Meyerhof and P. Ohlmeyer, Pjftlpers Arch, ges. Physiol. 168, 114 (1921). 

P. Ohlmeyer, Bioehim. Z. 297 , 66 (1938), 

K. Wallenfels and W. Christian \Angew. Chem. 64, 419 (1962)] have recently 
announced the crystallization of DPN as a quinine salt. This product crystaUised 
as almost featherlike needles arranged in sheaves and gave a melting point 
between 162 and 170^ with decomposition. Using pure DPN recovered from ths 
crysta|lisai$ sajt, they obtained an extinction coefficient of 9.43 cm.^ per milligram. 
P. The Enzymes, Vol. 2, Part 1, p. 266. Academic Press. New Yotk, 
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cient he observed, 6.3 X 10® (340 him), indicates a product of exceptional 
purity.^®® 

The more recent methods which have been developed to isolate DPN 
and TPN have been described in Section II (see p. 458). 

D. OCCURRENCE OF DPN AND TPN 

Pyridine nucleotides have been found in every living cell exam^ined thus 
far. Table VII lists a number of substances and the c^oncentmtions of 
DPN and TPN found. Many of these figures must be regarded asWpproxi- 
mations only because of analytical limitations. Many cells contain sub- 
stances which rapidly destroy these coenzymes once their cellular sYucture 
is disrupted. Furthermore, it is known that TPN and DPN are intenion- 
vertible (see p. 493). Nevertheless it is clear that these coenzymes have a 
rather universal distribution, although their concentration varies widely in 
different substances. DPN and TPN tend to occur together, although the 
amount of TPN seems always to be less than DPN. In animal tissues, a 
fairly constant proportion (35 to 45 %) of the DPN is in the reduced state.^® 

Yeast, red blood cells, liver, and skeletal and cardiac muscjle are good 
sources of DPN. Fresh yeast may contain as much as 0.5 g. per kilogram^^ 
and rabbit cardiac muscle 0.4 g. per kilogram.^® Yeast (jontains very little 
TPN. Animal tissues, especially red blood cells, liver, and muscjle are good 
sources of TPN, containing as much as 40 to 80 y per gram.*® 

E. STRUCTURE AND PROPERTIES 
1. Diphosphopyridinb Nucleotide (DPN) 

a. Structure 
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The structural formula listed above is^now firmly established for the 
oxidized form of DPN, This formula was established in the following way. 

1 . Acid hydrolysis splits the molecule to yield nicotinamide,® * ^ adenine,^® 
and 2 molecules of ribose-5-phosphate.®^- “ 

2. Hydrolysis by weak alkali at low temperature splits off nicotinamide 
‘and leaves adenosinediphosphate ribose moiety.®® 

3. Hydrolysis with weak alkali at high temperature yields adenosine- 
diphosphate.®^ 

4. Enzymatic hydrolysis under certain conditions yields nicotinamide 
riboside and adenosine.®® 

5. l''he fact that phosphate was linked to ribose in the 5 position was 
shown by von Euler et since the pentose phosphate from DPN gave 
no formaldehyde when reacted with periodic acid. 

6. D-Ribose was already known to be the carbohydrate of adenosine.®^ 

Von Euler et partially hydrolyzed DPN with acid, treated with 

phosphatase, and isolated a pentose, the phenylosazone of which was iden- 
tical with D-ribose. As pointed out by Schlenk,®® these workers did not 
establish that the ribose came from the nicotinamide-linked portion of the 
mole(mle and furthermore the phenylosazones of D-ribose and D-arabinose 
are identical. He, however, reached the same conclusion by isolating the 
pentose from nicotinamide nu(*lcoside (step 4) and forming the p-bromo- 
phenylhydrazone and studying its other properties. In addition, he con- 
firmed the linkage of ribose and phosphate in the 5 position of ribose. 

Thus the structural formula for DPN as proposed originally in 1936®®'®^ 
seems well established. It should be noted, however, that the customary 

S. Ochoa and C. G. Ochoa, Nature 140, 1097 (1937). 

O. Meyerhof and P, Ohlnieyer, Biochem, Z. 290, 334 (1937). 

*** H. von Euler, Angew. Chem. 60, 831 (1937). 

von Euler, F. Schlenk, H. Heiwinkel, and B. Hogherg, Hoppe-Seyler^s Z. 

physiol. Chem. 266, 208 (1938). 

von Euler and K. Myrback, Hoppc-Seyler's Z. physiol. Chem. 177, 237 (1928); 

Naturwissenschaften 17, 291 (1921)). 

F. Schlenk, Arkiv Kemit Mineral. Geol. 12B, 20 (1936). 

F. Schlenk, J. Biol. Chem. 146, 619 (1942). 

F. Schlenk, H. von Euler, H. Heiwinkel, W. Gleim, and H. Nystrom, Hoppe-Sey- 

ler^s Z. physiol. Chem. 247, 23 (1937). 

B. Vestin, F. Schlenk, and H. von Euler, Ber. 70, 1369 (1937). 

®*P. Schlenk, Naturwissenschaften 28, 46 (1940); Arch. Biochem. 8, 93 (1943). 

H. von Euler, P. Karrer and B. Becker, Helv. Chim. Acta 19, 1060 (1936). 

P. A. Levene and L. W. Bass, Nucleic Acids. American Chemical Society Mono- 

^aph No. 56, New York, 1931. 

** H. von Euler, H. Karrer, and E, Usteri, Helv. Chim, Acta 26, 323 (1942). 

F. Schlenk and H. von Euler, Naturwissenschaften 24 1 794 (1936). 

H. von Euler and P. Schlenk, Hoppe-Seyler^s Z. physiol. Chem. 246, 64 (1937). 

K. Myrb&ck, Tabulae Biol 14, 110 (1937) . 

** b. J, Haynes and A. R. Todd, /. Chem. Soc. 1960, 303. 
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final proof of the structure of a® organic compound by chemical S 3 mthesis 
has not yet been reported. Some progress in this direction has been made 
since some portions of the molecule can now be synthesized.®* The lability 
of various portions of the DPN molecule, especially the nicotinamide- 
ribose bond, in the procedures ordinarily used in organic syntheses, makes 
this a most difficult problem. 


6 . Properties 


DPN is a white amorphous powder which is colorless in water iolution. 
It is moderately soluble in phenol and in methanol-HCl. Some\ of the 

\ 


TABLE VIII 


Some Properties of DPN and TPN (from F. Schlenk®*“) 



DPN 

TPN 

Empirical formula 

CnllirOiiNTPt 

CsiHmOitNvPi 

Structural units 

Nicotinamide, adenine, 2 moles of 

Nicotinamide, adenine, 2 mohis of 


ribose, and 2 mo}(% of phosphoric 

ribose, and 3 moles of phosphoric 

Base equivalent 

acid 

acid 

Oxidiiod state 

1 

3 

Reduced state 

StabtUty 

Oxidised state 

2 

4 

In 0.1 N HCl at 100* 

50% destroyed after 8 min. 

50% destroyed after 7.3 min. 

In 0.1 N NaOH 

Reduced state 

50% destroyed after 17 min. (20*) 

50% destroyed after 12 min. (23*) 

In 0.1 N HCl at 20* 

Activity disappears immediately 

Activity disappears immediately 

In 0.1 N NaOII at 100* 

Slight decrease in activity 


In 0.1 N NaOH at 20* 
Absorption spectrum 

Stable 

Stable 

Oxidised state 

Em - 16.5 X 10* at 260 m^, 

Em * 16.5 X 10* at 260 m^ 

Reduced state 

Em » 14.5 X 10* at 260 m^ 

Em 14.5 X 10* at 260 

Reduced state 

Em « 4.5 to 6.3 X 10* at 340 m^ 

Em « 4.5 to 6.3 X 10* at 340 nvi 

Oxidation-reduction poten- 
tial 

Eh « -0.28 to 0.31 v 



important properties are listed in Table VIII. It is stable to oxidants such 
as bromine^ H202, and permanganate in acid solution unless catalysts such 
as iron are present.^* Hypoiodide results in rapid destruction,®® whereas 
hyposulfite reduces DPN to DPNH2.^ Alkaline ferricyanide converts DPN 
to a pyridone derivative. The latter can be condensed to yield a fluorescent 
product, which reaction has been used as the basis for assay methods.®*’^* 

P. Schlenk, in The Enzymes, Vol. 2, Part 1, p, 263. Academic Press, New York 
V 1951. 

* »» P. Karrer, F. Schlenk, and H. von Euler, Arkiv Kemi^ Mineral. Oeol 12B, 26 (1936) 
W. E. Knox and W. I. Grossman, /. Biol, Chem. 166, 391 (1946); 168, 363 (1947). 
**,P. Eosen, W. A. Perlzweig, and I. G. Leder,J. Biol, Cheni, 179, 157 (1949). 

MK. J. Carpenter and E. Kodioek, Biockem, J, 46, 421 (1950), 
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Treatment with bisulfite and cyanide give addition compounds'^ while 
strong acids give pyridinium salts. 

DPN is sensitive to ultraviolet light, being destroyed thereby."-*® DPN 
shows no fluorescence in ultraviolet light, but DPNHj exhibits a whitish 
fluorescence. DPN is optically active, the specific rotation being -20“ at 
643.9 mil and -70“ at 546 m/t.*' 

DPN shoAvs an absorption peak at 260 m/t in the ultraviolet. DPNH, 
10' cm.2/g. DPN 



Mm 

Fig. 7. Ultraviolet absorption spectrum of diphosphopyridine nucleotide (pH 
9.7); oxidized (O) and reduced (•) forms. (Adapted from Warburg and Christian/) 

also exhibits a peak at 260 m^ and, in addition, a peak at 340 miu which 
is entirely absent in the oxidized form (Fig. 7). This band at 340 mi* has 
i>aen the basis for innumerable assay methods and has major biochemical 
usefulness. 

•’ 0. Meyerhof, P. Ohlmeyer, and W. Mohle, Bioehem. Z. 897, 113 (1938). 

" 0. Warburg and W. Chrietian, Bioehem. Z. 888, 221 (1935). 

" J. RunnstrSm and L. Miehaelis, J. Oen, Phytiol. 18, 717 (1935). 

H. yon Euler and F. Schlenk, Arkiv Kemi, Mineral. Oeol. ISB, 19 (1936). 

*‘ K. Myrb5ck, H. von Euler, and H. Hellstrfiin, Hoppe-Seyler’s Z. phyeiol. Chem, 
7 (1982). 
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2. Triphosphopyridinb Nucleotide (TPN) 


a. Structure 
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As depicted in the above formula, TPN differs from DPN only by having 
an additional phosphate group. The close similarity of DPN and TPN 
became evident in the early work of Warburg and (Christian'* and of von 
Euler’s group, not only from their chemical similarity but in the simi- 
larity of their biochemical action. The fact that DPN can be reversibly 
converted to TPN also strengthens this close relationship.^^"^® 

Warburg and Christian^* ^ and Karrer and associates®®* investigated 
the mode of linkage of nicotinamide with the rest of the molecule. These 
investigations firmly established the pyridinium linkage as shown above. 

However, the exact linkage of the remainder of the components remained 
uncertain, especially the position of the third phosphate. The rather cuin- 

** E. Adler, S. Elliot, and L. Elliot, Enzymologia 8, 80 (1940). 

« A. Kornberg, J. Biol Chem. 182, 805 (1950), 

** H. von Euler and E. Adler, Hoppe-Seyler*8 Z. phyniol. Chem. 262, 41 (1938). 
Vestin, Naturwissemchaften 26, 667 (1937). 

P. Karrer, F. Kahnt, R. Epstein, W. Jaffe, and T. Ishii, Helv, Chim. Acta 21, 223 
(1938). 

P. Karrer, T. Ishii, F. W. Kahnt, and I. von Bergen, Helv. Chim, Acta 21, 1174 
(1938). 

P, Karrer, B. H. Ringier, J. Biichi, H. Fritzsche, and U. Solmssen, Helv, Chim. 
Acta 20, 55 (1937). 

P. Karrer, G. Schwarzenhach, and G. E. Utzinger, Helv. Chim. Acta 20, 720 (1937). 
•®P. Karrer, G. Schwarzenhach, F. Benz, and U. Solmssen, Helv. Chim. Acta 
811 (1936). 

P, Karrer and F. J. Stare, Helv. Chim. Ada 20, 418 (1937). 
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bersome isolation procedure used by Warburg (p. 482) and the small yields 
inhibited research on this subject. However, as improved methods of pre- 
paring TPN were developed, the subject was again attacked so that the 
structure has now been clarified to some extent. 

Two principal possibilities were considered. One that the three phos- 
phates were linked in a (ihain^^ as later suggested by Schlenk et al.^^ 
that the third phosphate group was attached to the pentose of the adenosine 
portion of the molecule. This matter was not definitely settled until Kom- 
berg and associates'^* subjeijted TPN to the action of a nucleotide pyro- 
phosphatase which split the coenzyme into two fragments, nicotinamide 
ribose phosphate and a diphosphoadenosinc fragment which was not adeno- 
sinepyrophosphate. Kornberg and Pricer^® were then able to hydrolyze 
spe(*ifi(*ally the phosphate esterified to carbon 5 of the diphosphoadenosine 
fragment hiaving an adenosinemonophosphate. They then compared this 
monophosphate derivative to known samples of adenylic acid “a” and 
adenylic acid “b.’’^^* Kornberg and Pricer could show that the mono- 
phosphate (‘ompound from TPN was not adenylic acid “b” and was indis- 
tinguishable from adenylic a(dd “a.” This finding has been confirmed 
independently by Wang et Adenylic acids ‘‘a” and “b’’ were thought 
at first to be adenosinc-2-phosphate and adenosine-3-phosphate, respec- 
tively, but this is now uncertain.®®* The 2 and 3 positions of ribose seem 
the only likely places where the third phosphate could be attac^hed, since 
carbon 1 is in a gly(»osidi(^ linkage with adenine, carbon 5 is esterified with 
the second phosphate, and carbon 4 is part of a furanose ring. However, 
the formula as shown above must be regarded as tentative until the struc- 
tures of adenylic acid ‘‘a” and “b” are proved. 

6. Properties 

Many of the properties of TPN have already been listed (see Table VIII). 
In general its properties are similar to DPN. It has the same absorption 
spectrum. This might be expected, since the phosphates contribute little 
*to absorption in the usual ultraviolet range. As with DPN, the absorption 
at 200 mfjL is due principally to the adenylic acid moiety.'** ^ Nicotinamide 

H. von Euler and F, Schlenk, Hoppe-Scyler'fi Z . physiol. Chem. 246, 64 (1937). 

F. Schlenk, B. Hogberg and S. Tingstam, Arkiv Kemi, Mineral. Geol. 13A, No. 11 

(1939). 

A. Kornberg, J. Biol. Chem. 174, 1051 (1948). 

A. Kornberg and W. E. Pricer, Jr., J. Biol. Chem. 182, 763 (1950). 

A. Kornberg and W. E. Pricer, Jr., J . Biol. Chem. 186, 557 (1950). 

"O. E. Carter, J. Am. Chem. Soc. 72, 1466 (1950). 

W. E. Cohn, J. Am. Chem. Soc. 72, 1471 (1950). 

T. P. Wang, L, Shuster, and N. O. Kaplan, J. Am. Chetn. Soc. 74, 3204 (1952). 

D, M. Brown and A. li, Todd, J. Chem. Soc. 1952, 44. 

D. M. Brown, 0. 1. Magrath, and A. R. Todd, J. Chem. Soc. 1962, 2708. 
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contributes slightly to absorption intensity at 260 m/i, and the slightly 
reduced absorption intensity of reduced DPN and TPN at 260 niM is 
probably due to a disturbance in the conjugated double bonds of the 
pyridine ring. The absorption at 340 mu of reduced DPN and TPN is a 
function of the addition of hydrogen to the pyridine ring. Since both DPN 
and TPN react to form the same type of reduced compounds, anj identical 
spectrum at this wavelength would be expected. 1 

There has been little uniformity in the reported values for the extinction 
coefficients of DPNH 2 and TPNH 2 at 340 m/x. The published values, re- 
cently reviewed by Drabkin,®^ have varied from 4.78 X 10* to 6.28 X 10® 
sq. cm. X mole■“^ More recent studies using DPN- or TPN-dej^ndent 
reactions which go to completion with pure substrates have shown identical 
extinction coefficients for DPNH 2 and TPNHa at 340 m^^ of 6.22 X 10® 
sq. cm. X mole“^®® 

TPN is destroyed by ultraviolet light, as is DPN. Electrophoresis de- 
terminations show two different dissociation constants, pKi = 1.8 and 
pKi = 6.1.®* TPN is optically active, [almmi, = -24.6 and [a]B46mM - 
-29.4.«* 


F. MECHANISM OF ACTION 
1. The Coenzymes 


DPN and TPN function in oxidation-reduction systems by virtue of 
their ability to accept hydrogen atoms (dehydrogenation) from certain 
substrates and transfer these hydrogen atoms to other hydrogen acceptors 
such as the flavin enzymes. In other words, DPN and TPN function by 
reversibly alternating between the oxidized (I) and the reduced state (II), 
as depicted below. 
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« D. b. Drabkin, J, Biol Chem. IW, m (1946). 

^ B. L. Horecker and A. Kornberg, /. Biol Chem, 176, 385 (1948). 

M ft. R, Rosenberg, Chemistry and Physiology of the Vitamins, p. 236. Interscience 
Publishers, New York, 1942. 



TV. BIOCHBMICAL SYSTEMS 


491 


In the oxidized state, the nicotinamide nucleus exists as a quaternary 
pyridinium ion which forms an inner salt with one of the ionizable acid 
groups in the pyrophosphate bridge. Upon reduction the pyridine nitrogen 
is converted to a weakly basic tertiary amine, hence changing the proper- 
ties of the compound. 

The hydrogen-transferring property of DPN had been postulated in 
1934®“ on the basis of its function as coenzyme for a number of dehy- 
drogenases. It remained, however, for WarWg and associates in their 
classic work* ■ ® ® to clearly demonstrate this mechanism in their studies 
with TPN and later with DPN. 

This reaction probably proceeds in more than one step with the inter- 
mediate formation of semiquinoid radicals. As shown by Warburg and 
associates,® when DPN or TPN are reduced by hydrosulfite, an intensely 
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yellow semiquinoid substance (monohydrocoenzyme) is observed as an 
intermediate in the reaction. This intermediate substance can be stabilized 
by carrying out the reaction in a strongly alkaline medium.**'** 


2. The Apoenzymes 

DPN and TPN fimction in biochemical reactions only when joined with> 
or activated by, specific proteins (apocodehydrogenases). Although the 
exact mechanism by which the protein apoenzyme unites with the coen- 
zyme is very unsettled, it is clear that the coenzyme will not function 
catalytically without the influence of the apoenzyme. It has been postu- 
lated that the apoenzyme functions by facilitating formation of the semi- 
quinoid intermediates referred to above.**’’'® 

Although the coenzymes are quite non-specific in that they function in 

“ H. von Euler, Chemie der Enzyme, Vol. II, Part 3. Bergman, Munich, 1934. 

*• P. Karrer and F. Benz, Helv. Chim. Acia 19, 1028 (1936). 

” E. von Euler, H. HellstrSm, and H. von Euler, Hoppe-Seyler’s Z. phyaiol, Chem.. 
S4S. 225 (1936). 

** F. Schlenk and T. Sohlenk, Arch. Bioehem. 14, 131 (1947). 

** L. Michaelis and C. V. Smythe, Ann. Rev, Bioehem. 7, 1 (1938). 

’* L. Miohaelis, Advances tn Bnzymol. 9, 1 (1949). 
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a number of systems involving hydrogen transfer, the apoenzymes are 
generally specific, a different apoenzyme being required for each substrate 
system. The apoenzymes contribute more to specificity than the prosthetic 
group. In other words, these two coenzymes are capable of acting with a 
number of apoenzymes, alternating from one to another as needed, hence 
the term ^‘mobile’’ coenzymes.^^ Some of the apoenzyme-coenzyme com- 
plexes are capable of catalyzing reactions other than that of their specific 
substrates, but the reaction rates are generally low. There are some excep- 
tions to this, however, in which a given coenzyme-apoenzyme system can 
catalyze the oxidation of a number of substrates with efficiency 

3. The Coenzyme-Enzyme Complex (Holoenzyme) 

DPN and TPN are usually readily dissociable from their apoenzVmes. 
Reduced DPN and TPN appear to have a lower affinity for their apo- 
enzymes than the oxidized forms. This may be due to the fact that quater- 
nary nitrogen of the pyridine ring is changed to a tertiary amine in the 
reduced coenzyme. The elimination of this strong basic group increases 
the acidic properties of the coenzyme and may increase its dissociability 
from the apoenzyme, hence leaving the coenzyme free to migrate to an- 
other enzyme system where it can donate its hydrogens to another sub- 
strate or hydrogen acceptor. 

Some exceptions to the ready dissociability of coenzymes from their 
apoenzymes have been recorded. Cori et aV^ have been able to crystallize 
phosphoglyceraldehyde dehydrogenase in combination with DPN. Others 
have reported a very firm attachment of coenzymes in the particulate 
matter of cells which catalyze reactions in the Krebs cycle.^^ 

4, Point of Hydbogenation 

The point of reversible attachment of hydrogen to the pyridine nucleus 
is not entirely certain. It is clear from the studies of Karrer and associ- 
ates** • with N^-substituted model compounds that hydrogen is attached 

to one of the carbons adjacent to the ring nitrogen. Available evidence, 
especially from the studies of Knox and Grossman,®^* indicates the prob- 
able point as the 6 position. 

« J. K. Parnas, Nature 161, 677 (1943). 
w A. Meister, J. Biol Chem, 184, 117 {I960). 

w C. F. Cori, S. F. Velick, and G. T. Cori, Biochim. et Biophya. Ada 4, 160 (1950). 

F. M. Huennekens and D. E. Green, Arch, Biochem, 27, 418, 428 (1960). 

W. E. Knox and W. I. Grossman, J, Am, Chem, Soc, 70, 2172 (1948). 
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G. SPECIFICITY 
1. DPN~TPN Specificity 

Most DPN-TPN -1 inked enzyme systems exhibit a definite preference, if 
not a specific reciuirement, for either DPN or TPN. Well-known exceptions 
to this are liver glutamic dehydrogenase^®* and glucose dehydrogenase^®, 
which react equally well with either TPN or DPN. Mehler et alP studied 
the specificity of the DPN or TPN requirement for a number of enzyme 
systems. Malic and lactic dehydrogenases, for instance, reacted with either 
DPN or TPN, but the reaction rates were many times faster with DPN. 
On the other hand, isocitric dehydrogenase is strictly TPN-speoific,"^^* 
whereas triosephosphate dehydrogenase is strictly DPN-specific.®‘ 

Earlier reports which indicated a relatively non-specific DPN-TPN re- 
quirement for certain dehydrogenases may have been complicated by the 
fact that certain liver’^ and yeast^^ preparations can catalyze the conversion 
of DPN to TPN if ATP is present. It is also well known that some tissues 
contain phosphatases which convert TPN to DPN.®-* 

In addition Colowick and associates®^* have obtained evidence of an 
enzyme in Pseiidomonas fluorescens extracts which appears to catalyze the 
reaction TPNn2 + DPN — > TPN + DPNH2. An enzyme which carries 
out this reaction has been observed in animal tissue.®® 

2. Specificity of the Molecule 

Only a few modifications or derivatives of the DPN-TPN molecules 
have been studied to determine the range within which these molecules 
can be modified and still retain enzymatic activity. Desamino DPN can 
be prepared by treating DPN with nitrous acid®^ or with an enzyme de- 
rived from takadiastase,*® the free amino group of the adenine moiety 

’*H. von Kuler, E. Adler, G. Giinthcr, and N. B. Das, Hoppe-Seyhr's Z. physiol, 

Chem. 254, 61 (1938). 

A. H. Mehler, A. Kornberg, S. Grisolia, and S. Ochoa, J, Biol. Chem, 174,961 

(1948). 

H. J. Strecker and S. Korkes, J . Biol, Chem. 196, 769 (1952). 

S. Ochoa, J. Biol. Chem.. 174, 133 (1948). 

E. Adler, H. von Euler, G. Gunther, and M, Plass, Biochem. J. 38, 1028 (1939). 

G. T. Cori, M. W. Slein, and C. F. Cori, J . Biol. Chem. 169, 565 (1945). 

H. von Euler, E. Adler, and T. S. Eriksen, Hoppe-Seyler^s Z. physiol. Chem. 248 , 

227 (1937). 

N. 0, Kaplan, S. P. Colowick, and M. M. Ciotti, J . Biol. Chem, 194, 579 (1952). 

8. P. Colowick, N. O. Kaplan, E. F. Neufeld, and M. M. Ciotti, J. Biol. Chem. 

196. 95 (1952). 

** N. O. Kaplan, S. P. Colowick, and E. F. Neufeld, J. Biol. Chem. 196, 107 (1952). 

** J. Stern, quoted in Federation Proc. 11, 238 (1952). 

*!F. Schlenk, H. Hellstrom, and H. von Euler, Ber. 71, 1471 (1938). 
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being removed in the process. In the pig heart lactic dehydrogenase system, 
desamino DPNH 2 is actually more active than DPNH 2 for pyruvate reduc- 
tion but is less active for lactate oxidation. In other dehydrogenase systems 
desamino DPN has activity sometimes equal to, but generally less than, 
the parent material.** Whether desamino DPN has any normal function, 
or even exists in tissues, is not known. Desamino TPN cannot be formed 
by the same procedures which yield desamino DPN apparently due to the 
influence of the third phosphate attached to the ribose adenine groifip. 

3. Nicotinamide Mononucleotide 

It has been shown that nicotinamide mononucleotide (nicotin^mide- 
ribose-5-phosphate) accumulates in red blood cells incubated with nico- 
tinamide and glucose.** Furthermore, certain tissues have been shown to 
contain a nucleotide pyrophosphatase which splits DPN to yield this com- 
pound.*** *“ Although this substance cannot function enzymatically as 
DPN or TPN, it may have considerable significance as an intermediate in 
the biosynthesis of DPN and TPN (p. 506). 

H. BIOCHEMICAL REACTIONS 

DPN and TPN function in oxidation-reduction systems (although no 
oxygen is actually transferred). The redox potentials of the systems cata- 
lyzed by these coenzymes are generally quite similar to the redox potentials 
of the coenzymes themselves. Thus the reactions are generally reversible, 
depending on the concentration of the reactants and the products as well 
as changes in redox potential induced by other reactions in the cell, 

Eakin®* has classified the important reactions catalyzed by DPN and 
TPN into five categories. These are listed below, with some of the more 
important specifle systems cited as examples. In addition, a miscellaneous 
category may be added to include reactions less clearly characterized or 
which are not included in this deification. Schlenk“ has carefully de- 
scribed the most important of the enzyme reaction systems listed below. 

1. Aldehyde Primary alcohol 

Acetaldehyde-Methanol (DPN) 

2. Ketone Secondary alcohol 

Pyruvic acid— lactic acid (DPN) 

Pyruvic acid— malic acid (TPN) 

« M. E. Pullman, S. P. Colowick, and N. 0. Kaplan. J, Biol Chem. 194, 693 (1952). 

, w I. G. Leder and P. Handler, J. Biol Chem. 189, 889 (1961). 

A, Kornberg and 0. Lindberg, /. Biol Chem. 178, 665 (1948). 

E, E. Eakin in The Biochemistry of the B Vitamins, American Chemical Society 

Monograph No. 110, p. 141. Reinhold Publishing Corp., New York, 1960, 

«P* Schlenk in The Enzymes, Vol. II, Part 1, pp. 278-316. Academic Press, ^ew 

YpA, 1951. 
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Oxalacetic acid — ^malic acid (DPN) 

Oxalosuccinic acid — ^isocitric acid (DPN) 

^-Hydroxybutyric acid— ‘acetoacetic acid (DPN) 
a-Ketoglutarate — ^isocitric acid (TPN) 

3. Acyl phosphate ;=i: Aldehyde-1 -phosphate 

1 ,3-Diphosphoglyceric acid — ^3-phosphoglyceraldehyde (DPN) 

4. Acid Aldehyde (hydrate) 

Gluconic acid — ^glucose (DPN) (TPN) 

6-Phosphogluconic acid— glucose-6-phosphate (TPN) 
Phosphoglyceric acid—phosphoglyceraldehyde (DPN) 
Phosphogluconic acid — ^ribulose phosphate (TPN) 

Acetic acid — ^acetaldehyde (DPN) 

5. Imine Amine 

Iminoglutaric acid— L-glutamic acid (DPN-TPN)*2« 

6. Miscellaneous 

Reduction of nitrate to nitrite®® 

The oxidation of liciferin to produce bioluminescence®* 
Dehydration of formic acid®®- ®® 

HCOOH + DPN CO 2 4- DPNH 2 
Conversion of choline to betaine (DPN)®®*®® 

Conversion of vitamin Ai to rhodopsin (DPN)®® 

Reduction of methemoglobin (DPN)‘®® 

Destruction of testosterone by liver mince (DPN)^®^ 
L-a-Glycerophosphate to dihydroxyacetone phosphate^®® 
Dismutation of pyruvate (in bacterial extracts)^®® 

Pyruvate + phosphate + DPN — > Acetyl phosphate + 

CO 2 -f DPNH; Pyruvate + DPNH -> Lactate + DPN 

I. SYSTEMS 

The biochemical reactions listed previously do not occur independently 
but as a part of a series of reactions by which an organism carries out the 

*** The glutamic acid dehydrogenase system of yeast and bacteria must be coupled 
with TPN, although the corresponding system in animal tissues is non-specific 
in its DPN-TPN preference. 

R. Adler and M, Srenwasaya, Hoppe-Seyler^s Z. physiol. Chem. 249, 24 (1937). 

P. H. Johnson and H. Eyring, J. Am. Chem. Soc. 66, 848 (1944). 

J. C. Wirth and F. F. Nord, Arch. Biochem. 1, 143 (1942). 

P. J. G. Mann and J. H. Quastel, Biochem. J. SI, 869 (1937). 

J. R. Klein and P. Handler, J . Biol. Chem. 144, 537 (1942). 

J. N. Williams, Jr., J. Biol. Chem. 196, 37 (1952), 

” R. Hubbard and G. Wald, Science 116, 60 (1952). 

H, R. Gutman, B, J. Jandorf, and O. Bodansky, J . Biol. Chem. 166, 146 (1947). 
M. L, Sweat and L, T. Samuels, J. Biol. Chem. 178, 433 (1948). 

T. Baranowaki, J. Biol. Chem.lBO, 535 (1949). 

S. Korkes, J. R. Stem, I. C. Gunsalus, and S. Ochoa, Nature 166, 439 (1960). 
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complicated process of obtaining energy and building blocks from its nutri- 
ents or, during anabolic phases of metabolism, of synthesizing appropriate 
molecules for deposition or incorporation into other tissue substances. Only 
certain of these steps require the participation of DPN and TPN. Yet, 
these coenzymes are necessary for the catalysis of steps which are of such 
importance that, should these reactions be blocked, the cell cannot function 
and indeed the organism itself cannot survive. 

1. Synthesis op High-Energy Phosphate Bonds 

Phosphoric anhydride compounds such as adenosinetriphosphate occupy 
a key role in metabolism. They constitute a means whereby the c^ll can 
conserve and store energy in a readily transferable form. DPN and' TPN 
are involved in the processes by which these high-energy phosphate bonds 
are synthesized. For example, if an aldehyde such as 1 ,3-diphosphoglycer- 
aldehyde is dehydrogenated (i.e., oxidized) by DPN, one of the phosphate 
groups is converted into a reactive acyl phosphate which can be transferred 
to adenosinediphosphate (ADP), thus forming adenosinetriphosphate 
(ATP) as depicted below.^“‘^®® 
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O. Warfeorg and W. Christian, Biochem, Z. 301, 221 (1939). 
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Thus, during catabolic phases of cellular activity when organic substrates 
are being oxidized to provide energy, a part of the energy may be stored 
in the form of ATP. During anabolism, the process can be reversed, the 
net effect of which is to convert organic acids to aldehydes, liberating a 
reactive phosphate group which can be used to form glycosidic, ester, and 
perhaps other (peptide) bonds. This mechanism could be used, for instance, 
to supply the energy necessary to form the acetal bond by which glucose 
is polymerized into glycogen. Reactions such as these represent a general 
biological mechanism by which cells can convert the latent energy of 
organic substances into readily stored and utilized energy. 

In addition to the type of reaction listed above, it is known that there 
are aerobic processes whifdi convert inorganic phosphate into energy-rich 
pyrophosphates by reactions in which hydrogen atoms of DPNH2 and 
TPNH2 are transported to oxygen via the riboflavin and cytochrome en- 
zymes.^°^ Using a particulate (mitochondrial) fraction from rat liver. Fried- 
kin and Lehninger'®® and Lehninger'®® have l>een able to demonstrate the 
synthesis of esterified phosphate during oxidations which are DPN linked. 
Adenosinediphosphate appeared to be the phosphate acceptor in their sys- 
tem. Lehninger^’® has recently published a careful analysis of the evidence 
pertaining to oxidative phosphorylation in DPN-linked systems. Although 
some of the evidence is conflicting, and many details are as yet unclear, it 
does seem probable that phosphorylation coupled to electron transport 
between DPNH2 and oxygen constitutes a general biologi(;al mechanism 
for the esterification of liigh-energy phosphate. Green and associates,^^^ 
using a different system derived from pig heart, have also obtained evidence 
indicating oxidative phosphorylation in DPN~TPN-1 inked systems. 

DPN and TPN j^articipate in phosphorylation reactions in yet another 
way. It has long been known that inorganic orthophosphate accumulates 
during the respiration of certain tissues. As inorganic phosphate accumu- 
lates, the balance between hexose phosphate and glycogen is disturbed, 
resulting in the breakdown of glycogen to glucose- 1 -phosphate. This sup- 
plies fuel for the glycolysis cycle, the energy from which can be utilized to 
resynthesize phosphoric acid anhydrides from inorganic phosphates. As the 
concentration of inorganic phosphate decreases and that of the organic 
phosphate increases, the equilibrium shifts toward the formation of glyco- 

P. Lipmann, Currents in Biochemical Research, pp. 137-148. Interscience Pub- 
lishers, Now York, 1946. 

M. Friedkin and A. L. Lehninger, /. Biol, Chem. 178, 611 (1949). 

A. L. Lehninger, J, Biol. Chevi. 178, 625 (1949). 

A. L. lehninger, in Phosphorus Metabolism, p. 344. The Johns Hopkins Press, 
Baltimore, 1951. 

II. E. Oreen and H. Beinert, in Phosphorus Metabolism, p. 330. The Johns Hop- 
kins Press, Baltimore, 1951. 
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gen. This process is thought to constitute one of the important regulatory 
mechanisms in carbohydrate metabolism. 

The source of the inorganic phosphate which accumulates has long been 
uncertain. It was widely held that most of it resulted from the hydrol3rtic 
cleavage of ATP. In certain systems, however, it could be clearly shown 
that ATP was not the source of the inorganic phosphate.*®- Kom- 
bergii4' recently established at least one source of this inorganic phos- 
phate when he discovered an enzyme in yeast and in liver which caifcalyzed 
the reversible reaction; 1 

Nicotinamide mononucleotide + ATP DPN + inorganic pyrophosphate 

This reaction plus the ubiquitous inorganic pyrophosphatase could! yield 
orthophosphate. Schrecker and Kornberg“® We demonstrated a sl^lar 
phenomenon with flavin mononucleotide. 

It should also be noted that this mechanism provides for a biosynthesis 
of DPN from nicotinamide mononucleotide (p. 506). The reverse of this 
reaction, i.e., the phosphorolysis of a dinucleotide by inorganic pyrophos- 
phate, resembles the action of inorganic phosphate on the reversible split- 
ting of polysaccharides referred to above (p. 497). 

2. DPN AND TPN IN Glycolysis 

Several pathways are known by which glucose can be utilized.^^ The 
classical series of reactions which seem to prevail in most organisms in- 
volves some eleven steps, with pyruvic acid as the end product.^* Glucose 
is phosphorylated and converted through a series of steps to fructose-1 ,6- 
diphosphate. The latter compound is then split into two trioses, dihydroxy- 
acetone phosphate and 3-phosphoglyceraldehyde. The latter compound 
forms an addition product with phosphate, l,3-dipho8phoglyceraldehyde, 
which is dehydrogenated by DPN and converted to 3-phosphoglyceric acid 
as depicted on p. 496. The latter compound is converted in three steps to 
pyruvic acid. The p 3 rridine nucleotides are required for only one of these 
deven steps as indicated above. 

3. In Pyruvate Metabolism 

Pyruvic acid can be utilized in a number of ways.”® When the supply 
of oxygen is limited, pyruvic acid can be converted to lactic acid. 

C. F. Cori, A Symposium on Respiratory Enzymes. Madison, 1942. 

R. J. Cross, J. V. Taggart, G. A. Covo, and D. E. Green, /. Biol. Chm. 177, 655 
' {1949). 

A. Komberg, J. Biol. Chem. 182, 779 (1950). 

A; Kornberg and W. E. Pricer, Jr., J. Biol, Chem. 191, 535 (1951). 

4** A. W. Sebrecker and A. Kornl^rg, J. Biol. Chem. 182, 795 (1950). 

E. S. G. Barron, Advances in Emymol. 8, 149 (1943). 

^ 0. Meyerhof, Biol. Stfmposia 8, 141 (1941). 
nt E. Stotz, Advances in Emymol. 8, 129 (1945). 
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HiC — C — C — OH + DPNHj DPN + HjC — C — C — OH 

I 

H 

It should be noted that this reaction could provide a mechanism to re- 
oxidize the DPN which was reduced in the conversion of phosphoglyceral- 
dehyde to phosphoglyceric acid. 

Also, under anaerobic conditions pyruvic acid may undergo |8-carboxyla- 
tion to yield oxalacetic acid,^^° which in turn can be converted by malic 
dehydrogenase, plus DPNHz as coenzyme, to malic acid as depicted below. 

H 

OHOO OH 00 

HO— C— -C— C— C— OH -h DPNHa ±::; DPN + HO—C— C— C— C— OH 
H H H 

Pyruvic acid may be converted by reductive fixation of carbon dioxide 
to malic acid^^^ in the presence of ‘‘malic’* enzyme, TPNH 2 , and Mn++ as 
follows. 


H 

0 0 OHOO 

1! 11 Mn- 11 1 1 11 

COj + H,C— C— C— OH + TPNH, ;=::± HO— C— C— C— C— OH 


It should be noted that this reaction provides a mechanism for carbon 
dioxide fixation (see p. 503). 

A fourth type of anaerobic utilization of pyruvic acid (in yeast) involves 
decarboxylation to acetaldehyde which can be converted to ethanol. 

O H 

I 

H,C— C— H + DPNHa : : DPN -f H,C— C— OH 

H 

Pyruvic acid may be split to yield other 2-carbon compoimds, i.e., acetic 
acid, or other 2-carbon acetyl fragments (activated acetate'^) which are 
now known to be combined with coenzyme A (acetyl coenzyme A). Under 
aerobic conditions pyruvate may undergo oxidative decarboxylation to 

H. G. Wood and C. H. Workman, Biochem. J . 32, 1262 (1938). 

S. Ochoa, A. H. Mehler, and A. Kornberg, J, Biol. Chem. 174, 979 (1948). 

F. Lipmann, Advance in Enzymol 6» 231 (1946). 
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yield acetyl coenzyme A. DPN is known to be reduced in the processes 
which lead to the formation of acetyl coenzyme A, although the exact bio- 
chemical mechanism is not known. The acetyl groups transferred by co- 
enzyme A (^an be converted to acetic acid or commonly oxidized to carbon 
dioxide and water via the tricarboxylic acid cycle.^®^- In this complicated 
series of reactions DPN is required for the interconversion of malic and 
oxalacetic acids as described previously, and TPN is required for the con- 
version of isocitric to oxalosuccinic acid. I 


H 

H 

0 

I 

0 

1 

1 

c=o 

1 

C==0 

1 

H— C— OH 0 

c 

II 

0 

1 ^ 

1 /• 

11— C— C + TPN 

TPNHs + HC— C 

1 \ 

1 \ 

H— C— H OH 

1 

H— C— H ( 

1 

c==o 

1 

-0 

11 

0 

1 

0 

1 

0 

H 

H 


4. In Pentose Biosynthesis 

Because of the importance of ribose (and desoxyribose) in nucleotide 
metabolism, the biological origin of this substance has considerable interest. 
The exact mechanism of its synthesis has been obscure until recently. A 
series of reactions requiring TPN as a coenzyme has now been demonstrated 
which can account for the biosynthesis of pentose. The initial reaction: 

Glucose-6-phosphate + TPN TPNn 2 + G-phosphogluconic acid 

was known from the early work of Warburg and associates.^' ^ It was also 
known from studies by Lipmann^**^ and by Warburg and ChristiarP^®* 
that yeast extracts were capable of further oxidizing (i-phosphogluconic 
acid in TPN-linked reactions. Dickens^^s. 129 identified a pentose in similar 
reaction mixtures and postulated the formation of ribose-5-phosphatc. 

H. A. Krebs, Advances in Enzymol. 3, 247 (1943). 

*** H. A. Lardy and C. A. Elvehjem, Ann. Rev. Biochem. 14, 1 (1945). 
w* F. Lipmann, Nature 188, 588 (1936), 

0. Warburg and W. Christian, Biochem. Z. 287, 440 1936). 

O. Warburg and W. Christian, Biochem. Z. 292, 287 (1937). 

»« F. Dickens, Biochem. J. 32, 1626, 1636 (1938). 

«• F. Dickens and G. E. Clock, Nature 188, 33 (1950). 
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Cohen and Scott^*®- confirmed the formation of ribose-5-phosphate in 
these reac^tions. 

Horec^ker and Smyrniotis^®^ have purified the enzyme from yeast which 
catalyzes this reaction and have been able to (iharacterize the reaction. 

6-?hosphogluconatc + TPN ^ TPNIIa + CO 2 + ribulo8e-5-phosphate 

11 

rihose-5-phoBphate 

The significance of these reactions may be considerably greater than 
just as a mechanism for ribose synthesis. They may consitute an important 
alternate pathway for the oxidation of glu(*,ose, and as a source of other 
biological compounds. All the steps in the further metabolism of these 
pentoses have not yet been elucidated. However, Horecker and Smyrniotis'®^ 
have demonstrated the formation of a 7~carbon sugar, sedoheptulose, which 
is apparently formed by the (jondensation of ribulose phosphate and a 2- 
carbon fragment. In addition it should be noted that these reactions are 
reversible, thus constituting a mei^hanism for the fixation of carbon di- 
oxide, and may be of importancje in photosynthesis. 

5. In Lipid Metabolism 

The dependence of fat metabolism on DPN-TPN-linked reactions has 
been studied less extensively than with carbohydrates. It is clear that DPN 
is required for the synthesis and degradation of glycerol. Dihydroxyacetone 
phosphate, derived from the splitting of fructose- 1 ,6-diphosphate, can be 
reversibly converted to L-a-glycerophosphate by an enzyme which requires 
DPNH 2 as a hydrogen donor, i85 

O H O 11 

HO— -P— O— C— C— C— Oil + DPNIL 


O H 0 H 

DPN + HO— P— O— C— C— C— OH 

O H H H 

II 

““ S. S. Cohen and D. B. M. Scott, Science 111, M3 (1950). 

D. B. M. Scott and S. S. Cohen, J. BioL Chem. 188, 509 (1951). 

*** B. L. Horecker and P. Z. Smyrniotis, «/. Biol. Chem. 198, 371, 383 (1951). 

B. L, Horecker and P. Z. Smyrniotis, Federation Proc. 11, 232 (1952). 

B, L. Horecker and P. Z. Smyrniotis, J. Biol. Chem. 196, 135 (1952). 

E. Baer and H. O. L, Fisher, J. Biol. Chem. 198, 463 (1939). 
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It is also clear that the pyridine nucleotides are indirectly important in 
fatty oxidation, since the 2-carbon activated acetyl compounds which re- 
sult from the jS-oxidation of fatty acids are further oxidized via the tricar- 
boxylic acid cycle. These substances enter the cycle principally by condens- 
ing with oxalacetic acid to form citric acid. Furthermore, these acetyl 
compounds seem to provide the common link between fat and carbohy- 
drate metabolism. Since they can be formed from either carbohydrate or 
fat, they provide a means of synthesis of fat from carbohydrates or^, vice 
versa, the oxidation of fat to provide energy. 

Lehninger^36 shown that DPN is required for fatty acid oxidati^ in 
crude rat liver homogenates. Green and associates'^ also have demonstrated 
fatty acid oxidation in enz3ane systems which require DPN or TPN. The 
exact reactions and mechanisms involved in these complex systems and 
the specific role of the pyridine nucleotides (other than as a means of gen- 
erating high-energy phosphate) is completely unknown. 

The DPN requirement for fatty acid synthesis is even less clear. How- 
ever, it is thought that fatty acid synthesis and degradation proceed through 
identical, albeit reverse, reaction pathways. On this basis, DPN-TPN 
would undoubtedly be required. Eakin®^ believes that the pyridine nucleo- 
tides are required for the numerous dehydrogenations whi(?h are probably 
involved and has proposed a scheme based on known reactions, some of 
which are DPN-linked, which could account for the synthesis of fatty acids. 

DPN is important in the metabolism of the ketone bodies, since the 
interconversion of L-jS-hydroxybutyric and acetoacetic acids is linked to 
this coenzyme.^*^' 

H 

OHO OHO 

H.C— C— C— C— OH DPN HaC— C— C— C— OH + DPNHj 

1 1 I 

H H H 

6. In Nitbooen Metaboubh 

The pyridine nucleotides play a direct role in the metabolism of amino 
.acids in only one system. Either DPN or TPN is required for the reversible 
ondative deamination of n-glutamic acid. The a-amino group is converted 
to an a-imino group which spontaneously hydrolyzes to yield NHs and 
a-ketogltttaric acid. Since this reaction is reversible, it provides a link for 
the biological synthesis ci an amino acid utilizing inorganic ammonia and 
a ewnpound which can be derived from carbohydrate. Conversely it pro- 

*** A. L. Lefa&inger, J. Biol. Chem. itt, 437 (1945). 

;uT £, (3reen and J. Broeteaux, Bu>ekem. J, 90, 1489 (1936). 

.'*** p. £. Cbem, J. G. Dewan, and L. F. Leloir, Bioehem, J, 81, 934 (1937). 
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O H H N O 

II I I II II 

DPNHa + HO— C— C—C— C— C— OH 

H H U 

O H H O 0 

II I I II II 

HO— C— C— C—C— C— OH + NH, 


H H 

vides a means whereby the organism can derive energy from protein by 
converting the protein to glycogenic fragments.^* This reaction probably 
has considerable biological significance, since glutamic acid is currently 
believed to constitute a central pool to receive or donate amino groups. 

Indirectly, DPN and TPN are important in protein metabolism when 
the organism breaks down amino acids to provide energy. The deaminated 
derivatives of the glycogenic amino acids are further oxidized via conven- 
tional carbohydrate oxidative pathways as already described. 

MeisteF® has recently shown that crystalline lactic dehydrogenase ahd 
DPNH2 are capable of reducing a number of a, 7-diketo, and a-keto acids 
to products as yet unidentified (but not lactic acid). TPNH2 can substitute 
for DPNH2, but the reaction rate is much slower. This reaction may have 
biological significance in the utilization of the keto derivatives of amino 
acids as well as other metabolites. 

7. In Photosynthesis 

The biochemical mechanism of photosynthesis has been a subject of 
great interest but little information for many years. It is now known that 
animals as well as plants and bacteria can incorporate atmospheric carbon 
dioxide into organic compounds. Wood'®^ has listed seventeen compounds 
in which carbon dioxide can be fixed, although only a few of these provide 
for primary fixation of carbon dioxide. 

Two recent research findings have emphasized the fact that the pyridme 
nucleotides may have an important role in photosynthesis. Horeoker and 
Symrniotis'®^ have proved the reversibility of the following reaction: 

Eibulo«e-6-pho8phate + CO* -f TPNH + H^ ^ BThosphogluconate 4- TPN 


H. G. Wood, PhysioL Revs. 26, 198 (1946). 
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Since 6-phosphogluconate can be converted to glucose-6-phosphate in 
a TPN-linked reaction (p. 500), it is evident that this could provide a 
mechanism for the incorporation of carbon dioxide directly into glucose. 

An even more pertinent development was the demonstration by Ochoa 
et of the following TPN-linked reaction catalyzed by “malic’^ enzyme: 

COt + pyruvate + TPNHa ;=== - L-Malate + TPN 

When this reaction was coupled with a glucose-6-phosphate-TPN s|rstem 
to provide a steady supply of TPNH 2 , a highly efficient means of fixing 
carbon dioxide resulted.^^® A similar reaction occurs in the formati^ of 
isocitric acid.^® \ 

Mn"+ 

CO 2 + a-kcloglutarate -f TPNIIj — D-lso(?itrate -f TPN 

Furthermore, evidence has been obtained that green grana from spinach 
chloroplasts can effect a reduction of DPN and TPN, presumably by utiliz- 
ing the energy of light to transfer hydrogens from water to the coenzymes, 
thus supplying the reduced coenzjmies needed for the above reactions.^^^**^'* 
Carbon dioxide fixation forming malate or isocitrate was shown to proceed 
in these green grana suspensions when illuminated, but not in the dark. 
Ochoa and Vishniac^^® also demonstrated that the DPNII 2 generated in 
the green grana could be utilized to catalyze other DPN linked reactions 
such as pyruvate lactate, oxalacetate malate, and a-ketoglutarate 
L-glutamate. It should also be noted that DPNII 2 and TPNH 2 produced 
by the action of light could be used to generate high phosphate bond energy, 
i.e., convert light energy to chemical energy (p. 41)0). Tolmach’^^ and 
Arnon^^* have confirmed and extended much of the work reported above 
and have provided additional evidence for the view that photosynthesis in 
plants may operate basically through a reversal of a respiratory cycle 
which is powered by radiant energy rather than chemical energy.^*® The 
light-induced reduction of the pyridine nucleotides may be a key step in 
these processes. 

J. BIOLOGICAL SYNTHESIS OF DPN AND TPN 

It is now possible to account rather completely for the biological synthe- 
sis of these coenzymes. Reactions other than, or in addition to, the ones 

S. Ochoa and W. Vishniac, Science 115, 297 (1952), 

W. Vishniac, Federation Proc. 10, 265 (1951). 

14* W. Vishniac and S. Ochoa, Nature 167, 768 (1951). 

>4* W. Vishniac and S. Ochoa, J, Biol Chem, 196, 75 (1952). 

144 L. J. Tolmach, Nature 167, 946 (1951). 
i4» D. I. Arnon, Nature 167, 1008 (1951). 

14* M. Calvin, J, A. Bassham, and A. A. Benson, Federation Proc. 9, 524 (1950). 
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listed below may exist, but at least these reactions make possible one route 
of formation. 


1. Synthesis of Nicotinic Acid 

The sources of nicotinic acid may bo diet, the conversion of tryptophan 
to nicotinic acid (p. 523), or possibly intestinal microorganisms (p. 530). 

2. Amidation of Nicotinic Acid 

Ellinger^^^ has shown that kidney and brain slices are (*apable of amidating 
nicotinic aciid. Liver slicjes (!an also accomplish this conversion if a source 
of NH 3 su(*h as glutamine is provided. Slices from several other tissues were 
unable to accomplish this conversion. It was assumed from early studies 
that erythrocytes (human) could also amidatc nit^otinic acid since, both 
in vivo and in vitro^ nicotinic acid but not nicotinamide produced an increase 
within the erythrocytes of material which had activity for Hemophilus 
parainHuema^ for Hemophilus influenza, or for DPN-linked enzyme sys- 
tems.^'*®’^^- P'urthermore, Liefer et used carboxyLC’'*-labeled nicotinic 
a(ud and nicotinamide to show a rapid uptake and fixation of nicotinic 
acid within the erythrocyte (mice). Nicotinamide, on the other hand, was 
taken up by the erythrocytes but could be washed out readily, indicating 
that it had not been incorporated into fixed non-dilTusible molecules. 

More recently, Leder and Handler®* have found just the contrary, i.e., 
that nicotinamide but not nicotinic acid resulted in an increased synthesis 
of (‘oenzyme-aettive material in erythrocytes. A good explanation for these 
contradictory results is not apparent. 

3. Synthesis of Ribosb 

A mechanism which can account for the synthesis of ribose from glucose 
has already been detailed (p. 500). Other mechanisms are possible.'®^ 

4. Sy'Nthesis of Nicotinamide Mononucleotide 

This fragment of the molecule (nicotinamide-ribose-phosphate) can be 
synthesized by erythrocytes incubated with nicotinamide and glucose.®® A 

P. Elliiiger, Biochem, J. 42 , 175 (1948). 

H. I. Kohn and J. R, Klein, J. Biol. Chem. 180, 1 (1939). 

H, L Kohn and J. R. Klein, J. Biol. Chem. 136, 685 (1940). 

C. L. Hoagland and S. M. Ward, J. Biol. Ch^m. 146, 115 (1942). 

P. Handler and H. 1. Kohn, J. Biol. Chem. 160, 447 (1943). 

0. L, Hoagland, S. M. Ward, and R. E. Shank, J. Biol. Chem. 161, 369 (1943). 

E. Leifer, J. R. Hogness, L. J. Roth, and W.ll. Langham. J. Am. Chem. Soc.TO^ 

2908 (1948). 

B. h. Horecker, in Phosphorus Metabolism, Chapter III. The Johns Hopkms 

Press, Baltimore, 1961. 
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mechaniBm which can account for the synthesis of this fragment has been 
described by Rowen and Komberg.*** A reversible reaction which is cata- 
lyzed by an enzyme preparation from hog liver and which requires ortho- 
phosphate was observed. 

Nicotinamide-riboside + orthophosphate 

Nicotinamide + ribose-l -phosphate + H'*' 

The further reaction is tentative, but preliminary evidence indicates a 
direct phosphorylation of nicotinamide riboside by ATP: I 

Nicotinamide-riboside + ATP Nicotinamide-riboside-phosphate -f AlyP 

5. Biosynthesis op DPN \ 

The bios 3 nithesis of DPN had been observed in erythrocytes as desciibed 
earlier and in yeast fermentation systems.^^® Kornberg and associ- 
ates®®* ^'** ^^® have observed the following reversible reaction in a purified 
enzyme system: 

Nicotinamide-ribose-phosphate + ATP ^ DPN -f inorganic pyrophosphate 

This reaction has been confirmed, with P®^ as a tracer.^^® From the kinetics 
of this reaction and the concentration of the enzyme in liver, Kornberg“^ 
estimates that the entire DPN content of liver could be synthesized in 
less than 5 minutes if the substrates were optimal. It can be seen that this 
reaction not only completes DPN synthesis but provides an origin for the 
adenine-ribose-phosphate portion of the molecule, i.e., from ATP. The 
mechanism of adenine biosynthesis is obscure, except that it is known to be 
synthesized by mammalian tissues. 

6. Biosynthesis op TPN 

The biosynthesis of TPN from nicotinamide plus ribose and adenosine- 
triphosphate (ATP) in cell-free extracts has been reported.*®’^ This report 
has never been confirmed, and sub^quent experience leaves considerable 
doubt as to its validity. It is known that TPN can be synthesized enzymat- 
ically from DPN^®* ^®* when DPN is incubated jsrith ATP and a yeast 
preparation. Mehler et alJ^ also observed the formation of TPN from DPN 
and ATP in crude liver fractions. The mechanism of this reaction has now 
been shown to be a direct phosphorylation of DPN by ATP which is cata- 
lyzed by an enzyme which can be purified from ale yeast." 

DPN -H ATP -♦ TPN -f adenosinediphosphate (ADP) _ 

A. Kornberg, in Phosphorus Metabolism, Chapter VI. The Johns Hopkins Press, 

Baltimore, 1951. 

A* Lennerstrand, Arkiv Kemi^ MineraL GeoL 14Ay No. 1$, 1 (1941). 

K. I. Altman and E. A. Evans, Jr., /. Biol. Ghent. 109, 463 (1947). 

^ H. vm Euler and R. Vestin, Arkiv Kemi, Mineral. Qeol. 19B, No. 44 (1938). 
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TPN may be readily converted to DPN by phosphatases from a number 
of sources, by yeast, « and by “cyclophorase” preparations from rabbit 
kidney and rabbit liver.^®® 



K. DESTRUCTION OF DPN AND TPN 

Some of the ways in which these coenzymes can be degraded have al- 
ready been described, since most of the reactions described under biosyn- 
thesis (p. 506) are reversible. Actually, it has long been known that many 
animal tissues, plants, and microorganisms can enzymatically split these 
coenzymes.^®^ Ohlmeyer^®^ and HeiwinkeP®^ identified adenylic acid as a 
breakdown product of DPN. Das and von Euler^®^- ‘®® found inorganic 
orthophosphate when DPN was destroyed in animal tissues. Handler and 
Klein^®® identified nicotinamide as a breakdown product when DPN was 
destroyed by brain, liver, kidney, and muscle preparations from several 
animal species. Mann and QuasteP®^ also called attention to the potent 
destructive power of certain animal tissues, especially brain, and showed 
that this rapid breakdown could be inhibited with rather high concentra- 
tions of nicotinamide. Mcllwain and associates^®®' '®® have also studied the 
destruction of DPN in brain preparations. Govier and Jetter^^® have shown 
that a-tocopherol phosphate has an inhibitory effect on DPN breakdown 
by heart DPNase. From these and other studies it appears that the com- 
mon DPNase of animal tissue splits DPN at the glycosidic linkage between 
nicotinic acid and ribose, Nason et have concentrated a DPNase from 
Neurospora which acts in a fashion similar to animal DPNase. This enzyme 
is not inhibited by excess nicotinamide, however. Animal tissues also con- 
tain another type of DPNase which splits DPN at the pyrophosphate 
linkage.®® 

These DPN-destroying enzymes are particularly active when the cells 

D. R. Sanadi, J. J. Betheil, and B. J. Katchman, Abstr. Am. Chem. Soc. 118th Meet- 
ing, p. 62C, 1950. 

B. Katchman, J. J. Betheil, A. I. Schepartz, and D. R. Sanadi, Arch. Biochem. and 

Biophye. 84, 437 (1951). 

F. Schlenk, Advances in Enzymol. 5, 207 (1945). 

P. Ohlmeyer, Biochem. Z. 287, 212 (1936>. 

H. Heiwinkel, Arkiv Kemi, Mineral. Geol. 13A, No. 19 (1939). 

N. B. Das and H. von Euler, Nature 141, 604 (1938). 

N. B. Das, Arkiv Kemh Mineral. Geol. 13A, No. 7 (1939). 

P. Handler and J. R. Klein, J. Biol. Chem. 143, 49 (1942). 

P. J. O. Mann and J. H. Quastel, Biochem. J . 86, 502 (1941). 

H, Mcllwain and D. E. Hughes, Biochem. J . 43, 60 (1948). 

H. Mcllwain and R. Rodnight, Biochem. J . 44, 470 (1949); 45, 337 (1949). 

W. M. Govier and N. S. Jetter, Science 107, 146 (1948). 

A. Nason, Federation Proc. 10, 228 (1951 ) ; A. Nason, N . O. Kaplan, and S. P. Colo- 

wick. J. Biol, Chem. 188, 379 (1951). 
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are disrupted so that special precautions must be taken when making ho- 
mogenates or extracts of tissue for DPN or TPN analysis. 

The extent to which these “destroying’* mechanisms may have physio- 
logical significance in the normal wear-and-tear breakdown of the pyridine 
nucleotides is unknown. It is of considerable interest, however, that Zat- 
man*^2 has recently used isotopic nicotinamide to demonstrate that spleen 
DPNase catalyzes an exchange between free nicotinamide and that, bound 
into DPN. This provides a me(*hanism whereby the nicotinamide jean be 
removed and replaced in DPN-TPN without destruction of the resa of the 
molecule. \ 


L. INHIBITORS OF DPN AND TPN 

Inhibitors in intact animals are (‘onsidered elsinvhere (p. 548). 

Inhibitors such as (*yanide and iodoacetate are known to inhibit some 
codehydrogenase enzyme systems in vitro. Of potentially greater biological 
significance is the fact that at least some DPN-TPN-linked systems can 
be inhibited by the (components of the DPN molecule. The inhibitory effe(‘t 
of nicotinamide on DPN breakdown has already been mentioned (p. 507). 
Feigelson et have shown that high levels of nicotinamide inhibit th(c 
respiration (jf rat liver homogenates, an effect reversible with DPN. From 
an analysis of the Michaelis (constants they believe this to be due to a com- 
petition between nacotinamide and DPN for the apoenzyme. Howeveer, 
Adler el believe that this phenomenon is more cornplicate^d than just 
enz3nne displacement. They found that pyri(line-3-sulfonic acid (a nicotinic 
acid inhibitor in bacteria) would inhibit glucose and lactic dehydrogenase 
systems, but so would salicylic acid, nicotinic acid, adenine, adenosine, 
and adenine dinucleotide. Inhibition could be reversed with DPN but not 
by adenine compounds. In addition, succinic dehydrase, which is not DPN- 
linked, was also inhibited by the compounds listed above. Williams^^* re- 
cently reported that adenine, adenosine, and adenosinetriphosphate would 
inhibit a malic dehydrogenase system in a manner competitive with DPN. 
Sulfathiazole and sulfapyridine have l)een reported to inhibit nicotinamide- 
stimulated respiration and growth in certain mi(U(K)rganisms.^^® However, 
Anderson and associates'^®* found no effect of these sulfa dmgs on DPN- 

L. J. Zatman, Federation Froc. 11, 315 (1952). 
u* P. Feigelson, J. N, Williams, and C. A. Elvehjem, J, Biol. Chem. 189, 361 (1951). 

E. Adler, H. von Euler, and B. Skarzvnski, Arkiv Kemi, Mineral Geol 16A, No- 

9 , 1, (1943); 17. No. 2, 1 (1943). 

J. N. Williams, Jr., J. Biol. Chem. 196, 620 (1952). 

R. West and A. F. Coburn, J. Expil. Med. 72, 91 (1940). 

E. G. Anderson, F. J. Pilgrim, and C. A. Elvehjem, Froc. Soc. Exptl. Biol. Md. 

66, 39 (1944). 
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linked enzyme systems or on the respiration of rat liver in the presence of 
fumarate or pyruvate. 

M. ASSAY PROCEDURES FOR DPN AND TPN 
Chemical methods have been described elsewhere (p. 537). 


]. General Principles 

A number of enzymatic methods have been described which permit a 
quantitation of DPN or Tl'N. The most widely used are the spectrophoto- 
metric technicjues which depend upon the fact that oxidized DPN-TPN 
exhibit no absorption at 340 m^ whereas the n'duced enzymes absorb 
strongly and identi(!ally at this wavelength. Since the molecular extinction 
(joefficients are known (p. 490) and siiKX' absorption is proportional to con- 
(;entration, these coenzymes (;an be readily quantitated. The methods are 
fairly sensitive. There are few substances, either components or reaction 
products of the enzyme systems, which have inU'rtering light absorption 
at 340 niM- Determinations may be matie quickly with small quantities of 
materials and are especiall}'' usi4ul in following the progress of rea(^tions. 
The methods may be adapted to measure either the appearance or disap- 
pearanc.'e of the reduced forms, depending on whether the particular enzyme 
system donates or a(*(^epts hydrogen. They may also be used to measure 
the coiKjentration of the a])oenzymcs or th(* substrates when these are 
limiting factors in the reaction mixtures. Specificat}' for DPN or IPN can 
be attained when dt'aling with mixtures by using an apoenzyme and a 
substrate whicdi specifically re(|uires one or the other coenzyme. These 
systems also permit the measurement of reactions not amenable to direct 
spectrophotornetric determination if they can be coupled to reactions de- 
pendent on these (^oenzymes.’"^-^"® 


2. DPN 

As an example, DPN may l^e determined as des(*ribed by Ivornberg, 
using crystalline al(^ohol dehydrogenase and alcohol to reduce the DPN. 
The components of the test system are ethanol 0.3 ml., glycine (l.o%) 0.2 
ml., sodium pyrophosphate bulfer (0.03 M, pH 8.5) 1.5 ml., alcohol de- 
hydrogenase 5 to 10 7, and water or unknown q.s. 3.0 ml. figure 8 shows 
the sensitivity and proportionality of the method with l^*iown amouiRs 
of DPN. The reaction was complete in 5 minutes. The s^cificity of the 
procedure could be verified by observing the complete disappearance of 


' 0. Warburg, Ergeb. Enzymforsch, 7, 210 (1938), xr ^ v ..l- lam 

* B. Schleiik, in Methoden der Fennentforschuiig. Academic] ess, New \ ork. 1946, 

* T. R. Hogness and V. R. Potter, ^ an. Rev, Biochem. 10, 509 (1941). 



510 


NIACIN 


absorption at 340 m/x when small amounts of pyruvate and lactic dehydro- 
genase were added. 

DPN may also be determined as described by Cori et utilizing a 
reaction originally proposed by Warburg and Christian^®® in which n-glyc- 
eraldehyde-3-phosphate is oxidized to n-glyceric acid phosphate by the 
appropriate crystalline dehydrogenase plus DPN as a hydrogen acceptor. 
Arsenate is required to make this reaction go to completion (arsenolysis). 
The DPNH 2 formed is measured spectrophotometrically at 340 mL This 
system is more complicated than the one described above since frvctose- 



.20 .40 .60 .80 

ml. DPN added 

Fig. 8. Spectrophotometric assay for DPN; response to known amounts of DPN. 
(From Kornberg.'^q 

1,6-diphosphate is used to produce D-glyceraldehyde-3-phosphate accord- 
ing to the following reaction: 

Fructose-1, 6-diphosphate -I- aldolase 

jr 

D-Glyoeraldehydo-3-phosphate ; ’ Dihydroxyacetone phosphate 

UHJUierwfD 

4- dehydrogenase 
-f DPN 

, ‘ n-Glyceric acid S-phosphate -h DPNH* 

Hiis qrstm, however, has the advantage not only of providing for the 
(jpiantitation of DPN, but of being a sensitive method for the determination 

«• G. T. Cori, M. W. Slein, and C. F. Cori, /. Biol. Chm. ITS. 006 (1948). 
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of fructose diphosphate and the triose phosphates either singly or together, 
depending on the order of addition of the three enzymes concerned. This 
may be considered an example of the way in which substances other than 
DPN may be quantitated by linking the reactions to DPN-dependent 
enzyme systems. 

DPN may also be converted chemically to DPNH 2 , using hydrosulfite 
reduction (p. 491), and measured by absorption at 340 This procedure 
does not differentiate between DPN and TPN. Cyanide also will react 
with DPN (p. 487) to form a complex with an absorption maximum at 
340 m/Li This reaction may be used analytically for DPN, as shown by 
Colowick et 

DPNH 2 may be quantitated by oxidation with pyruvic acid and lactic 
dehydrogenase, the disappearance of absorption at 340 m^ being a measure 
of the amount of reduced coenZ 3 me present.*®* 

3. TPN 

TPN can be determined spectrophotometrically in an isocitric dehydro- 
genase system w^hich specifically requires TPN.*® This system, as described 
by Ochoa,’® is dependent on two reactions, the net result of w^hich is: 

_ _ _ _ 

D-Isocitric acid TPN -- — a-Kcloglutaric acid + CO 2 + TPNHg 

Oxalosuccinic acid is an intermediate in the reaction. 

TPN may also be determined utilizing the glucose dehydrogenase reac- 
tion originally described by Warburg and Christian,*’ ’’***’ *** which is also 
TPN-dependent. 

Gluco8e-6*phosphate + TPN ^ 6-Pliospbogluconic acid + TPNH 2 

This reaction can be coupled to a system in which cytochrome c is the 
final hydrogen acceptor to form a very sensitive assay procedure.*** It 
may also be linked to the system 

hPxokinHKe ^ 

Glucose + ATP ^ Glucose-6-pho8phate + ABP 

to supply glucose-6-phosphate for the TPN-dependent reaction listed above. 
If ATP is the limiting factor in the mixture, then the amount of TPN re- 
duced in the combined reaction will have a proportionality to the amount 
of ATP present, permitting a quantitative ATP assay.*** 

*** G. A. LePage, J. Biol, Chern. 168, 623 (1947). 

*** S, P. Colowick, N. O. Kaplan, and M. M, Ciotti, J . Biol. Chem. 191, 447 (1951). 

P. Kubowitz and P. Ott, Biochem. Z. S14, 94 (1943). 

*** 0. Warburg and W. Christian, Biochem. Z. 242, 206 (1931). 

K. Negelein and W. Gerischer, Biochem. Z. 284, 289 (1936). 

*** K. Haas, C. J. Harper, and T. R. Hogness, J . Biol. Chem. 142, 836 (1942). 
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The conversion of 6-phosphogluconic acid to CO2 and pentose phosphate 
is also TPN-dependent and can be used as an assay for either G-phospho- 
gluconate or TPN, as sho^\ii by Horecker and Smyrniotis.^^'^ 

e-Phosphoglucoiiate + TPN TPNH 2 + CX )2 + pentose phosphate 

These enzymatic methods have largely replaced the older manometric 
or methylene blue reduction procedures.*^® • 

The spectrophotometric methods referred to alcove are possible only 
with purified or semipurified enzyme systems. Chemical and microbiolog- 
ical methods are available for use in crude tissue extracts (p. 537). However, 
Feigelson and associates*^® have developed a spectrophotomc^tric method 
which measures both DPN and TPN and can be used in cnide tissue^ ex- 
tracts. The tissue is rapidly frozen, homogenized in 2% trichloroacetic 
acid with H2O2, to oxidize and stabilize the coenzymes, and centrifuged. 
The coenzymes in the supernatant are absorbed on charc'oal (Nuchar C). 
After washing with trichloroa(‘etic acid, the coenzymes are eluted with 
pyridine. The (^oenzyme concentration is determined by comparing the 
absorption at 340 m/x of oxidized and hydrosulfite-reduced samples, fol- 
lowing the method of Gutcho and Stewart.*®* The concentration of DPN- 
TPN was calculated on the basis of dilution factors and the fa(tt that 100 
7 of reduced coenzymes per milliliter in a 1-cm. cell has an opti(*al density 
of 0.840, according to Gutcho and Stewart*®* and S(*hlenk.®® The (^orrec^tness 
of the 0.840 factor just cited seems open to (iuestion. From recent data 
on the extinction coefficient of DPN-TPN (0.22 X 10*) and with a 3-ml. 
cell and a 1-cm. light path, this factor should be about 0.939 if only DPN 
were present. By virtue of its somewhat higher molcc^ular weight, TPN, if 
present, would reduce this factor slightly. Since the method of Feigelson 
et al. does not distinguish TPN, it would be difficult to determine how much 
the factor should he reduced, especially when working with a variety of 
animal tissues. In view of these considerations, it seems possible that the 
recent intensive studies of the Wisconsin group on DPN and TPN in ani- 
mal tissue contain a small systematic error, which would, however, not 
affect the validity of the changes in tissue (loncentration which they ob- 
served under various conditions. 

K. Myrback, Hoppe-Seyler^ft Z. physiol. Chem. 177, 158 (1928). 
iM Yon Euler, Ergeh. Physiol. 38, 1 (1936). 
i®* K. Myrback, Ergeh. Enzymforach. 2, 139 (1933). 

A. E. Axelrod and C. A, Elvehjera, J. Biol. Chem. 181, 77 (1939). 

P. S. Krishnan, Hcience 106, 295 (1947). 

*•* P. Feigelson, J. N. Williams, Jr., and C. A. Klvehjem, J. Biol. Chem. 185, 741 

(1950). 

S. Gutcho and E. D. Stewart. Anal. Chem. 20, 1185 (1948), 
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N. TISSUE DISTRIBUTION AND FATE 

The tissue distribution and intermediary metabolism of administered 
nicotinic acid has been poorly understood. Some studies have been done 
measuring changes in tissue concentration and urinary excretion following 
administration of the vitamin. Although such studies are valuable, they 
are limited by their inability to distinguish the distribution and fate of 
administered vitamins in relation to pre-existing tissue stores. 

1. Excretion 

Roth and associates’®^ have applied radioactive tracer techniques to this 
problem with very interesting results. They administered C '’-carboxyl- 
labeled nicotinic acid and na^otinamide intraperitoneally to mice and de- 
termined radioactivity in exhaled air, urine, feces, and tissues as a function 
of time. 

A single dose of nuaitinic acid, 0.7 mg., which is (umsiderably in excess 
of the normal daily requirement, resulted in a large excretion of radioac- 
tivity in urine (about 00% of administered dose) and in pulmonary carbon 
dioxide (about 3 % of administered dose) witliin the first 24 hours. The latter 
finding is of especial interest, since it proved, for the first lime, that animal 
tissues are capable (^f decarboxylathig nicotinit; a(;id. The rather large 
urinaiy excretion would be expected, since the animals were, presumably, 
already well nourished with respect to nicotinic, aend. Excretion was much 
less after 24 hours, and minimal after 48 hours. Nicotinic acid remaining 
in the animal at tliis point was assumed to })e a part of the normal tissue 
enzyme stones. By comparing the amount of radioactivity excreted in 
urine and in pulmoiiary carbon dioxide after 48 hours, these investigators 
estimated that the mouse normally disposes of 15 to 20% of the nicotinic 
acid liberated from the tissues us carbon dioxide. Since only the carboxyl 
group of the administered nicotinit; acid w’as labeled, this does not neces- 
sarily mean that the pyridine ring w^as also oxidized to (tarbon dioxide. 
In later studies’®^ these investigators showed that this phenomenon of 
pulmonary carbon dioxide excretion from labeled nicotinic acid and nico- 
tinamide also existed in hamsters, rats, and dogs. Hamsters and rats ex- 
creted somewhat more in this fashion, and dogs much less than the mouse. 
Very little, if any, of the radioactivity appeared in the feces, a fact of 
significance in the problem of intestinal synthesis of nicotinic acid (p. 530). 

L. J. Roth, E. heifer, J. R. Hogness, and W. H. Langham, J. Bioh Ckem. 176, 249 
(1948). 

E. Leifer, h. J. Roth, D. S. Hogness, and M. H. Corson, J. Biol. Ckem. 190, 595 
(1951). 
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2. Tissue Distribution and Turnover Rate 

The uptake of radioactive nicotinic acid by various tissues and organs 
was determined and the concentration followed at intervals for 15 days. 
Uptake was highest in kidneys and lowest in erythrocytes. No radioac- 
tivity was found in plasma after 24 hours. The excretion half-time (i.e., 
turnover rate) was about 4 days in liver, kidney, and spleen, 5 days in 
cardiac muscle and erythrocytes, and 8 days in brain, sternum, and skele- 
tal muscle. Since nicotinic acid exists in tissues almost entirely as coen- 
Z 3 rmes, it seems clear that coenzymes are broken down at an unexpectedly 
rapid rate. It is also of significance that the mouse handled nicotinio acid 
and nicotinamide identically in the above studies. ' 

TABLE IX 

Relative Per Cent Distribution op Radioactivity among Urinary Metabolites 
OP C^^-Nicotinic Acid and C^^-Nicotin amide 12 to 24 Hours after Injection 


nicotinic acid O-nicotinamide 


Metabolites 

Dog 

Rat 

Hamster 

Mouse 

Dog 

Rat 

Hamster Mouse 

N ^-Methylnicotiaa- 

94 

56 

23.6 

13.6 

94 

73.5 

35 

20 

mide 

Nicotinuric acid 

1 

10.5 

2.8 

24.8 

0.5 

0 

0 

0.5 

Nicotinic acid 

0.3 

6.3 

24.5 

37.2 

1 

5.5 

17 

36.2 

Unknown® 

0 

11.9 

13.0 

7.0 

1 

3.6 

13 

9 

N*-Methyl-6-pyridone- 

2 

11.9 

10.6 

11.6 

2.5 

12 

10 

20 

3-carboxylainide 

Nicotinamide 

2.4 

3.5 

25.5 

6.1 

1 

5.6 

25 

14.3 


Unidentified but possibly 2-pyTidone of N>>methylniootinamide. 


The rather large excretion of carbon dioxide derived from nicotinic acid, 
aa observed in the above experiments, also explains a fact noted by many 
investigators namely, that less nicotinic acid (including all known deriva- 
tives) may be excreted than is consuined or administered (in some species). 

3. Urinary Mbtaboutbs 

The urinary excretion pattern following administration of nicotinic acid 
and nicotinamide was generally similar, but it differed in some details. 
There was, also, considerable variation among species. Table IX summarizes 
the results of Leifer el al.'" in four species. Paper chromatographic meth- 
ods were used to separate the various metabolites. Trigonelline contained 
no C“, indicating that it is not derived from nicotinic acid, in confirmation 
(rf many other workers. 

Peilawmg and associates*’* have studied the urinary excretion pattern 
*•' W. A. Perlsweig, F. Rosen, and P. B. Pearson, J. Nutrition 40, 463 (1980). 
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of nicotinic acid in man and eight other mammalian species and have re- 
viewed much of the earlier work on this subject. Table X has been adapted 
from their data to indicate the marked species variation. Apparently, man, 
dog, rat, and swine dispose of nicotinic acid largely as methylated products, 
whereas the herbivora, rabbits, guinea pigs, sheep, goats, and calves, dis- 
pose of nicotinic acid in some other fashion. Johnson et al}^ also found that 
nicotinic acid was excreted principally in a methylated form in human 
subjects. Ellinger and associates^®® have studied this question extensively 
in man, dog, cat, rat, rabbit, and guinea pig. They obtained results es- 
sentially the same as Perlzweig et with reference to the ability of 

TABLE X 

Urinary Excretion of Nicotinic Acid and Its Derivatives 


Per cent of administered or ingested 
nicotinic acid 


Species 

Dose 

NMN* 

& 

Unaccounted 
N.A.* for 

Man 

Normal diet** 

33 

41 

6 

20 

Man 

500 mg. nicotinamide 

38 

43 

1 

18 

Dog 

10 mg. /kg. nicotinamide 

80 

0 

8 

12 

Hat 

100-200 mg./kg. nicotinamide 

50 

3 

15 

32 

Pig 

75- 80 mg./kg. nicotinamide 

7 

10 

9 

74 

Rabbit 

90-100 mg./kg. nicotinamide 

0.5* 

3 

43 

53.5 

Guinea pig 

150-200 mg./kg. nicotinamide 

0.5 

5 

8 

86.5 

Goat 

70-100 mg./kg, nicotinamide 

0.5 

0.5 

14 

85.0 

Sheep 

30- 60 mg./kg. nicotinamide 

0.5 

0.3 

30 

69.0 

Calf 

30- 70 mg./kg. nicotinamide 

0.6 

0 

35 

64 


^ N>>Methyluiooliuamide. 

^ 6 >P 3 rridone of N>-xnethyIniootiiiamide. 

^ Includee nicotinic acid, nicotinamide, and niootinuric acid, if present. 

* The significance of these values below 1% is questionable owing to analytical limitations. 

^ Nicotinic acid content estimated at 17 mg. 

various species to excrete methylated derivatives of nicotinic acid. The cat 
resembles other carnivorous and omnivorous species in that it does ex- 
crete NLmethylnicotinamide. Chickens excrete a still different type of 
nicotinic acid derivative — dinicotinylornithine.^®® N‘-Methylnicotinamide is 
not a major urinary product in the horse,®®®* ®®^ although it is in the cotton 
rat.*®i 

The biochemical mechanisms by which the urinary derivatives of nico- 

B. C. Johnson, T. S. Hamilton, and H. H. Mitchell, J. Biol, Chem, 169, 231 (1946). 
P. Ellinger and M. M. Abdel Kader, Biochem. J. 44 , 77, 627 (1949). 

W. J. Dann and J. W. HuflF, J, Biol Ckeni. 168, 121 (1947). 

J. W. Huff, P. B. Pearson, and W. A. Perlzweig, Arch. Biochem. 9, 99 (1946). 

B, S. Schweigert, P. B. Pearson, and M. C. Wilkening, Arch. Biochem. 18, 139 
(1947). 
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tinic acid are formed are almost completely unknown except for the amide 
(p. 505) and N*-methyl derivatives {vide infra), 

0, Ni-METHYLATION OF NICOTINAMIDE 

Nicotinamide can be methylated in certain tissues by an aerobic process 
analogous to the methylation of guanidoacetic acid to creatine; i.e., the 
reaction is dependent on oxygen and is inhibited by oxidation inhibitors.^®* 
Perlzwcig and associates^^^ showed that rat liver slices, but not kidney or 
muscle, can methylate nicotinamide and that methionine enhances the 
reaction. This finding has been amply (ionfirmed by others.*^^ Cantini^®^ 
has now obtained a soluble enzyme system (cell-free) from rat, pig, gianea 
pig, and dog liver which catalyzes the methylation of nicotinamide in the 
presence of methionine, Mg++, and adenosinetriphosphate. Only L-methi- 
onine could be used in the system. Betaine and dimethylthetin were inac- 
tive in replacing methionine unless homocysteine was present. The system 
would not methylate nicotink^ aedd. 

The methylation reaction is apparently irreversible under biological con- 
ditions, since N^-methylnicotinamide cannot replace nicotinamide in the 
diet. Likewise this methylated compound has no lipotrophic activity as it 
would if it could give up its methyl group.^”*^ Keller et used a tracer 
technique to prove that N*-methyl groups attached to nicotinamide do 
not participate in transmethylation reactions. 

The liver can, however, degrade N*-methylnicotinamide to unknown com- 
pounds.-®^ It is apparently a lack of this degradative reaction which accounts 
for the paradoxical increase in urinary N*-methylnicotinamide in animals 
and in human subjec^ts whose livers have been severely damaged by carbon 
tetrachloride^®^ or phosphorus.-®® 

Beher et ai.'-*®® have found that small doses of testosterone decrease the 
urinary excretion of N^-methylnicotinamide, apparently because of an in- 
creased storage of DPN and TPN in the tissues. Calvo ct aZ.®*® found that 
thyroidectomy or thiouracil administration decreased urinary N*-raethyl- 
nicotinamide excretion. Excretion of this compound was also decreased by 

*0* Nutrition Revs. 6, 28 (1948). 

W. A. Perlzweig, M. L. C. Bernheim, and F. Bernheira, J. Biol. Chem. 160, 401 

(1943). 

w* G. h. Cantoni, J. Biol. Chem. 189, 203 (1951). 

P, Handler and I. N. Dubin, J. Nutrition 31, 141 (1946). 

B. Keller, J. L. Wood, and V. DuVigneaud, Proc. Soc, Exptl. Biol. Med. 67, 

182 (1948). 

*0^ W, A. Perlzweig, J. W. Huff, and F. Rosen, Federation Proc, 6, 149 (1946). 

A. Bonsignore and L. Bevilacqua, Bull. soc. ital. biol. sper. 23, 1219 (1947). 

W. T. Beher, E. M. Crigger, and 0. H. Gaebler, J. Nutrition 47, 353 (1962). 

J. M. Calvo, C. C. Boehme, and J. Goemine, Bol. soc. biol. Santiago Chile 6, SS 
'|;:<i949). 
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feeding thyroglobulin, but methionine or choline tended to bring the urinary 
levels back to normal. Vitamin B 12 may also be involved in the methylation 
of nicotinamide, probably through its influence on the synthesis and trans- 
fer of labile methyl groups 


V. Specificity of Action 

J. M. HUNDLEY 

A. MODIFICATIONS OF THE NICOTINIC ACID MOLECULE 

Many substances related chemically to nicotinic acid have been tested 
for their ability to replace this vitamin in mammalian nutrition. Table XT 
represents a partial compilation of such compounds. The following con- 
clusions may be drawn concerning the range within which the molecule 
may be modified and still retain biological activity. 

1 . The pyridine mole(^ule must have a substituent group in the 3 position. 

O 

11 

2. This substituent group must be a derivative of — C — R. Molecules 
with other groups on the 3 position such as CH^, NH 2 or CN have no, or 
much less, biologic*al effectiveness, presumably because they must be con- 

O 

II 

verted to the — C- grouping. 

3. The R group attached to the 3-carboxyl may be any one of a great 
number of compounds and types such as esters and N-substituted amides 
and still retain biological effectiveness. 

O 

11 

4. Substitution of an acetyl (C — CH.?) for the 3-carboxyl group leads to a 
compound (3-acetylpyridine) which is a nicotinic acid antagonist under 
certain conditions'^ but can be converted to nicotinic acid under other con- 
ditions.27 

1. E. Liener and M. O. Schuitze, J, Nutrition 46, 223 (1952). 

^ P. J. Fouts, O. M. Ilelmer, S. Lepkovsky, and T. H. Jukes, Proc, Soc. ExptL Biol, 

Med. 37, 405 (1937). 

® P. Ellinger, G. BVaonkel, and M. M. Abdel Kader, Biochem. J. 41, 559 (1947). 

» V. A, Najjar and L. E. Holt, Jr., Proc. Soc. Exptl. Biol. Med. 48, 413 (1941). 

^ P. Ellinger and R. A. Coulson, Biochem. J. 88, 265 (1944). 

® W. A. Krelil, P. S. Sarma, L. J. Teply, and C. A. Elvehjem, J. Nuiritum ^l, 85 

d946). 

• D. W; Woolley, F. M. Strong, R. J. Madden, and C. A. Elvehjem, J . Biol. Chem. 

134, 715 (1938). 




TABLE XI 

Spbgificitt op Compounds Related to Nicotinic Acid 


Rat 


Compounds 

Man 

Urinary excretion 

Growth 

Dog 

^ubatitution on the Ring 





Nicotinic acid (3-carboxypyridIne) 

+ (1)“- ^ 

+ (2-4) 

+ (5) 

+ (6) 

Pioolinic acid (2>carboxypyridine) 




0(6) 

Isoniootinic acid (4-carboxy> 




0(6) 

pyridine) 





Quinolinic acid (2,3*dicarbQxy- 

+ (7. 8) 

0(3) 

+ (10-12) 

+ (13) 

P3rridine) 


+ (2, 9. 10) 


0 (6, 14) 

DinJcotinic acid (3,5-diearboxy- 

± (15) 

0(3) 



pyridine) 

+ (16) 




Isocinohomeronic acid (2,6-di- 


+ (9) 

±(12) 


carboxypyridine) 





Nipecotic acid (hydrogenated nico* 




0 (6. f?) 

tinic acid) 





2,6>Diinethylniootinic acid 

+ (16) 





±(15) 




2 , 6-Diinethy 1-3 , 5-dicarboxy- 

±(16) 

0(3) 



pyridine 





6-Methylnicotinic acid 




0(6) 

^Methyl pyridine 

±(16) 

+ (2. 18) 


±(6) 

3-Aminopyridine 

±(16) 



+ (19) 





0(6) 

8-Cyanopyridine 


0(2) 

0 (11. 20) 

0(6) 

N' Svbetitulione 





N^Methylnicotinamide 


+ (2) 

0 (5, 11, 21) 

0 (8. 17) 





+ (26) 

Trigonelline (betaine of nicotinic 

0 (16. 22) 

0(2) 

0(5) 

0 (6. 23) 

acid) 





Nicotinamide gluoosidoiodide 




+ (6) 

Modificatione of Carboxyl Group 





Nicotinamide 

+ (22) 

+ (2-4) 

+ (5) 

+ (6) 

N-Methylnicotinamide 




+ (6) 

N-Ethylnicotinamide 


+ (2) 

+ (5) 

+ (6) 

N, N-Dietbylniootinamide 

+ (22, 24) 

+ (2-4) 


+ (6. 25, 3) 

N-Allylnicotinamide 


+ (2) 



N-Pbenylnicotinamide 


+ (2) 

0(5) 


N. N-Diphenylnicotinamide 


0(2) 



4*'-Methaxyphenylnicotinamide 


+ (2) 



N-Bensyl 


+ (2) 



N,N-Diben*yl 


0(2) 



Nicotinuric acid 




0 (26* 23) 





+ (6. 3) 

Ethyl nieotinate 



+ (5) 

+ (6) 

S-Aoetylpyridine 


+ (27) 

0(20) 

0(6) 





+ (28) 

Pyridine-3-sulfonic acid 



0 (20) 

0 (6. 28) 

ThibnioDtinamide 





K-(2>*l1uasolyi) nicotinamide 



+ (29) 


8iA»tiituie» for Pyridine Ring 





PyrasinemonoearboxyUc acid 

+ (30. 24) 

0 (3. 31) 


0(13) 

l^ltwinemonoearboxylamide 


0(31) 



Pyi«aiae-2,S-dicarboKylic acid 

+ (80) 

0(3) 


0(18) 

Miecdlaneoue 





Onritbine 


0 (6, 32) 

+ (12) 


iVridimi 




0(6) 

(coensyme 1} 




0 (33) 


* 4* 'Botive; 0 «■ no meotinie acid activity; d: <■ questionable; urinary excretion •• increased excre* 
ol aieotlido add metabolites, usually N*>metbylnio^namide. alter administration of the eompound. 

•>:' . * in pareniheses refer to apprcH^riate references. 
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TABLE XII 

Compounds REiiATEo to or Derived from Tryptophan. 

Ability to Substitute for Nicotinic Acid 


Rat 


Compounds 

Urinary nicotinic 
acid excretion 

Growth 

DL-Tryptophan 

+ (9, 43-45)- 

+ (46) 

Acetyl-L-tryptophan 

+ (43) 

Indole-3-pyruvic acid 

+ (43) 


lndole-3-proprionic acid 

0 (43) 


Indole-3-butync acid 


0 (47) 

Indole-3-acrylic acid 


0 (47) 

Indole-3-acetic acid 

0 (43, 48) 

0 (20, 47 , 48) 


+ (49) 

+ (49) 

Indole 


0 (12, 20) 

Naphthylacctic acid 

0 (49) 

+ (49) 

L-Kynurenine 

0 (50) 

0 (11, 51) 


+ (43) 

+ (52) 

N -Formylkynurcnino 


0(11) 

Acetyl kynureninc 


0(11) 

Kynurenic acid 

0 (43, 50) 

0(11) 

Xanthurenic acid 

0 (43, 50) 


Anthranilic acid 

0(9) 

0 (20) 

3-Hydroxyanthranilic acid 

+ (53) 

+ (12) 

+ (10,11,52, 54) 

3, 4-Dihydroxy anthranilic acid 

0 (55) 

0 (55) 

N-Formylanthranilic acid 


0 (11) 


» active in subatituting for nicotinic acid; 0 » not active. 
^ Numbera in parentheses refer to appropriate references. 


’ II. W. Vilter and T. D. Spies, Lancet II, 423 (1939). 

« H. P. Sarett, ./. Biol. Chem. 198, 627 (1951). 

•L. V. Hankes and C. A. Elvehjem, Proc. Soc. Exptl. Biol. Med. 78, 550 (1950). 

L. M. Henderson, J. Biol. Chem. 178, 1005 (1949). 

“ W. A. Krehl, D. Bonner, and C. Yanofsky, J. Nutrition 41, 159 (1950). 

L. V. Hankes, R. L. Lyman, and C. A. Elvehjem, J. Biol. Chem. 187, 547 (1950). 
W. J. Dann, H. I. Kohn, and P. Handler, J. Nutrition 80, 477 (1940). 

H. A. Waisman, O. Mickelsen, J. M. McKibbin, andC. A. Elvehjem, J. Nutrition 
19, 483 (1940). 

S, P. Vilter, W. B. Bean, and T. D. Spies, Southern Med. J. SI, 901 (1938). 

T. D. Spies, H. M. Grant, and N. E. Huff, Southern Med. J. 81, 901 (1938). 

L. J. Teply, W. A. Krehl, and C, A. Elvehjem, Proc. Soc. Exptl. Biol. Med. 58, 169 
(1945). 

** H. N. De and P. Datta, Jr., Current Sci. (India) 19, 279 (1950). 

Y. SubbaRow, W. J, Dann, and E. Meilman, J. Am, Chem. Soc. 60, 1510 (1938). 
W. A. Krehl, L. M. Henderson, J. de la Huerga, and C. A. Elvehjem, J. Biol, 
Chem. 166, 531 (1946). 

S. A. Singal, V. P. Sydenstricker, and J. M. Littlejohn, J. Biol. Chem. 176, 
(1948). 

** T. D. Spies, W. B. Bean, and R. E. Stone, J. Am. Med. Aeeoc. Ill, 684 (1938). 





520 


NIACIN 


5. Almost any modification in the 2, 4, 5, or 6 position of nicotinic acid 
leads to inactive (jompounds. The ex(;eptions to this are quinolinic acid, 

w J. W. Huff and W. A. Pcrlzwoig, ./. BioL Chem. 142, 401 (1942). 
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which is known to be easily and preferentially decarboxylated in the 2 
position, forming nicotinic acid, and compounds which have been tested 
principally by treating human pellagra, a difficult means of testing which 
is subject to considerable clinical interpretation. The reported ac.tivity of 
ornithine may be in a special category (p. 522). The reported activity of 
isocinchomeronic acid seems very ciuestionable. 

6. N^-substituted derivatives of nicotinic acid or nicotinamide may be 
active or inactive, depending on the nature of the substituent group. The 
reported inactivity of DPN is puzzling, since this substance is known to be 
active in enzyme systems and for bacterial growth. This substance should 
be retested, using more sensitive systems than acute (lanine bla(*ktongue. 

7. Man, rat, and dog seem to have about the same ability to use various 
types of nicotinic acid derivatives. 

The effectiveness of nicotinic acid derivatives in microorganisms has been 
reviewed, elsewhere.^®* 

B. TRYPTOPHAN AND DERIVATIVES 

The amino acid and some of its derivatives can replace nicotinic acid, 
since many organisms possess the ability to convert tryptophan to ni(^otinic 
acid. This subject is considered in Section VI. The prin(*ipal compounds 
of interest are listed in Table XII. Tryptophan can replace nicotinic acid 
in human nutrition,®®-^® in the dog,®® and in many other species (p. 578), as 
well as in the rat. 


VI. Biogenesis 

J. M. HUNDLEY 

A. DEMONSTRATION OF NICOTINIC ACID BIOSYNTHESIS 

It has long been known that certain mammals can synthesize nicotinic 
acid. Several groups of investigators showed that rats thrive on diets which 
produced pellagra in humans, blacktongue in dogs, and deficiency states 
in pigs and monkeys.'"® Other investigators using various diets could dem- 

L. M. Henderson, G. B. Hamasarma, and B. C. Johnson, /. Hlol. Chem. 181, 731 
(1949). 

” W. I. M. Holman and D. J. de Lange, Nature 166, 112 (1950). 
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T. W. Birch, H. Chick, and C. J. Martin, Biochem. J. 31, 2065 (1937). 

* T. W. Birch, J. Nutrition 17, 281 (1939). 
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onstrate no nicotinic acid requirement for the rat.® ** Shourie and Swami- 
nathan,® Dann and Kohn,*® and Dann^^ showed that rats accumulated in 
their tissues and excreted more nicotinic acid than they ingested, unequiv- 
ocal evidence of synthesis. Similar findings have been recorded for 

calves, ^2-14 horses,^®' sheep, and man.*®-^* 

B. MECHANISM OF BIOSYNTHESIS 

Although these data (certainly established the fact, that nicotinicj acid 
could be synthesized in vivo, the mechanism of this synthesis was obtecure 
for many years. \ 

1. Tun Ornithine Scheme 

Earlier workers suggested that nicotinic acid might be synthesized ac- 
cording to the scheme shown in Fig. 9. However, the evidence that this 
mechanism provides any substantial amount of ni(*otinic acid in mammals 
is very shaky. Neither proline, glutamic acid, nor ornithine will substitute 
for nicotinic^ acid in diets; indeed proline may, along with other amino 
acids, increase nicotinic acidrequirements.-^’ However, Bovarnick-'*- has 

< L. J. Harris, Hiochem. J. 31, 1414 (1<)37). 
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shown that a mixture of glutamic a(‘id and asparagine (or glutamine) heated 
in the presence of manganese and iron gives rise to nicotinamide. Ellinger 
and Abdel Kader-*® have suggested that ornithine and glutamic? a(?id may 
be involved in nicotinic acid synthesis on the basis of experiments using 
Escherichia coli. Guvacine will substitutes for nicotinic acid in the nutrition 
of Siaphi/lococcus aureus and ProtcMS vulgarisP Nic^otinic? a(*id synthesis in 
rats may be increased by DL-6-amino-a-valeric acid.-*** Hankes ei alP have 


1 

CHo 

1 

CH: 

1 

COOH 

CHj 

Iba XH-COOH 

N 

11 

lUC CH NHj 

COOH 

NHj 

Glutamic acid 

Prohne 

Ornithine 

II 

CL 

HaC'^^C-COOH 

H 

iljC ^CH 

IL 

xCs. 

ILC CHo 

H 

H;C. COOH 

NH, 

1 1 

HsC' COOH 

NIL 
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A‘-5-Amjno- 

6-Amino-n- 


penteuic acid 

valeric acid 


H 

HC^ ^C-COOH 

1 






Nicotinic acid 



FiCt. 9. The oniitliiiie scheme for nicotinic acid biosynUiesis. (Adapted from 
Williams. 2^) 

reported that anthranilic acid and ornithine together can apparently sub- 
stitute for nicotinic acid under certain dietary circumstances. 

2. Biosynthesis from Tryptophan 

The me(?hanism of mammalian nicotini(? acid biosynthesis which is noAV 
firmly established is conversion of the amino acid tryptophan to nicotinic? 
acid. A series of brilliant investigations beginning in 1945 have unraveled 

P. Ellinger and M. M. Abdel Kader, Biochem. J, 44 , 285 (1949). 

11. J. Williams in The Hiocheinistry of the B Vitamins, American Chemical Society 
Monograph No. 110, p. 84. Iteinhold Publishing Corp., New Vork, 1950. 

' « J. W. Buff and W. A. Perlzweig, J. Biol. Chern. 142, 401 (1942). 

L. V. Hankes, R. L. Lyman, and C. A. Elvehjem, J. Biol. Chem. 187 , 547 (1960). 
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many of the details of this mechanism. The door to this fruitful (ihapter of 
biochemistry was opened by the report of Krehl el that tryptophan 
could substitute for nicotinic, a(*id in counteracting the unfavorable growth 
effects of corn in certain rat diets. Shortly thcireafku* it was shown that 
tryptophan markedly increascid the urinary excretion of N‘-mothylni(;otina" 
midc,'^**''*'* the first clear indication that tryptophan could substitute for 
nicotinic a(dd by virtue of the fa(*t that it was transfornKul into nicotinic 
acid. Subsequent n^ports have fully (confirmed the fact that. tryj)topj[ian 
can substitute for jiicotinic acid in the diet of rats, dogs, pigs, rabbits, chicks, 
ducks, monkeys, and (*ott.on rats (p. 578). Jinpre.ssive but indi)*(M*t evidel^ice 
that tryptophan is converted into nicotinic a(*id has been obtained \in 
man,^^"'"*® rats,^*^- "<*•. sc. dogs,*^^ inice,-'’*^ rabbits,*’^ horses and cotton rats/^’ 
pigg,36. 52 calves, sheep, and guinea pigs.*^**’ Most of thes(^ studies have shown 
increased urinary excaetion of nicotinic acid and its (kaivatives, or in(‘roased 
tissue levels following tryptophan administration. 

30 W. A. Krehl, L. J. Teply, 1'. S. Sanua, and C. A. lOlvcdijoin, Science 101, 4S1) (1045). 
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Subsecjuent investigations using isotope tracer techniques have (clearly 
prov(Hl that, at l(*ast in the rat, tryptophan increases nicotinic acid synthe- 
sis by virtue of the fa(;t that it is converted into nicotinic acid. Heidelberger 
and associates*’’*'*'’® showed that (V'* from the 3 i)r>sition in the indoJe nucleus 
of t-ryi)tophan became the carboxyl carbon of nicotinic acid. Likewise, 
Schayer and associates*'’^ found that X‘*'‘ in the irulole nucleus of tryptophan 
ai)peared as th(^ ring nitrogen of urinary nicotinic acid derivatives. 

These findingvS (‘ortainlj’^ established the conversion of tryptophan to 
nicotini(* acid but did not. elucidate the (‘xact biochemical steps. Some addi- 
tional information was gained from tracer experiments since Heidelberger 
ct r//.*’^-*’® and Shayer ct found that. in the ^ position of the side 
chain and Hundley and Jiond’'* found that C*'* from the carboxyl group of 
tryptophan did not appear in ni(*otinic acid, ft was evident from these 
findings tliat the side chain of tryptophan \cas not used t.o form nicotinic 
acid. 

rt. Xiroiinic Acid Bioaipilheda in Neuros])ora. 

Much of our information on the exact inechainsm by whicli tryptophan 
is (converted to nicotinic acid (*am(* from a series of j)roductive investiga- 
tions using various strains of Xenronpom crassa. Some of these strains, as 
has now ix'en shown, synthesize nicotinic acid from tryptophan in a fashion 
(pute similar to the mec'hanisrn in animals, wlu'reas other strains have 
genetic blocks so that th(*y cannot carry out certain of the biochemical 
steps. Beadle and associate's*”* first not(‘d that a mutant strain of Neurospora 
could use eit her nicot inic acid or t rypt opium for growth and that kynurenine 
was invoh^ed in this intercliangeable n'lationship. Bonner and Beadle^® iso- 
lated a substance which they believed to be a precursor of nicotini<* acid 
in this organism. Mitchell and Nyc®” and i'ionner®* showed that this sub- 
stance was 3-hydroxyanthranilic acid and that it could substitute for nico- 
tinic acid. Later studies using tracer technicpies have fully confirmed the 
fact that 3-hydroxyanthranilic acid can bo converted to nicotinic acid by 
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Neurospora.^-' It has also been shown by Yaiiofsky and Bonner®^ that 
kyniirenine is converted into nicotinic acid. 3-Hydroxykynurenine probably 
is an intermediate between kynurenine and 3'hydroxyanthranilic acid.®”- 
The exact steps between 3-hydroxyanthranilic acid and nicotinit; acid are 
still un(‘ertain. It has been suggested®® - that the benzene ring of 3-hy- 
droxyanthranilic acid is oxidatively cleaved in the 3-4 position to yield 
an intermediate similar to that shown in Fig. 10. This compound might 
then undergo ring (‘Insure with the amino nitrogen to give (luinolinicj acid 
which is in turn decarboxylated to nicotinic acid/® or this hypothetical 
intermediate might be decarboxylatxd prior to ring closure to yield i^ico- 
tinic acid directly/’ Leiferd a/.®- have suggested that a symmetrical diamino 
compound may be the intermediate between 3-hydroxyanthranilic a(‘id &nd 
nicotinic? acid, although the evidence supporting this theory has been (iu(\s- 
tioned.®^ The details of the eviden(*e for the various steps in the conversion 
of tryptophan to nicotinic acid in Neiiro>$pora have been carefully reviewed 
by Bonner and Yanofsky.®” 

b. Biosynthesis from Tryptophaji in Mammals 

The pathway by which tryptophaji is converted to ni(?otinic acid in mam- 
mals is not as fully known as in Nenrospora, Current information suggests 
that it may proceed substantially as shown in Fig. 10; however, the evi- 
dence is faulty, incomplete, and contradictory in some respec?ts. Tryptophan 
is known to be converted into kynurenine and kynurenic acid in several 
animal species as first shown by Kotake’” and later proved in isotope tracer 
experiments by Heidelberger et However, kynurenic acid is inactive 
as a substitute for nicotinic acid in rats, and the reportvS on kynurenine are 
contradictory (see Table XII). Rosen et and Krehl et al?- found kynu- 
renine inactive when given in the diet or by injection, whereas Kallio and 
Berg^^ and Wiss et alP reported that it would incimse the urinary excretion 
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of iii(H3tiiiic acid metabolites and would promote growth. Knox and 
Mehler'^- have shown that the liver of scweral animal spe(*ies possesses 
an enzyme system which (converts tryptophan to kynurenine through the 
intermediate n-formylkynurenine. However, the latter compound also was 
inactive in nicotinic acid-deiic.ient rats.^“ Krehl^*^ and Bonner and Yanofsky®^ 
have suggested that the well-known instability of kynurenine might ac- 
count for these confli(*ting results. 
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Ficj. 10. {Summary of known and probable steps in the conversion of tryjitophan 
to nicotinic acid. 


The situation with 3-hydroxyanthranilic acid is much clearer, since it 
does support growth in nicotinic acid-deficient rats**’ ”and increases 
the urinary excretion of nicotinic acid metabolites.’* Schweigert’* reported 
that rat liver slices would convert 3-hydroxyanthranilic acid to a compound 


W. E. Kuox ami A. H. Mehler, J. Biol. Cheni. 187, 419 (1950). 

’• A. H. Mchlcr and W. K. Knox, J. Biol. Chein. 187, 431 (1950). 
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™ P. W. Albert, B. T. Scheer, II. J. Deuel, Jr., J. Biol. Chsm. 176, 479 (1W8) . 

’• B. 8. Schweigert, J. Biol. Chem. 178, 707 (1949). 
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\vhi(?h had nicotinic acid activity after acid hydrolysis. Ijatcr studies using 
liver homogenates and other enzynn^ prci)arations^^^' showed that the 
actual compound formed in (his system was (luinolinic a(id and that no 
free ni(*otinic acid was produced. Other investigators independently re- 
ported similar findings.^- • Neither tryptophan nor kyiiurenine would give 
rise to quinolinu^ a(id in these preparations, nor would cpiinolinic acid give 
rise to nicotinic* acid. However, Makino ct reported that horse and 
cattle livers possess an enzyme system which will convert, B-hydrox^^an- 
thranilic a(*id to nicotinic acid, although it is difficult, to be positives tnat 
the end produ(*t of the reaction may not have been (luiuolinic acid wh\ch 
either spontaneously or from heat and (‘hemical treatment d(M*arboxylat!ed 
to nicotinic acid and so rea(*ted in their chemi(*al assay procedures. Hurt. 
et al.^^ also reported that rat. liver slices would (*onv(*rt tryptophan to nico- 
tinic acid, although ac^tually their procedure for determining nicotinic a(‘i(l 
would not permit them to distinguish betvve(‘n nicotiiiic* af*i(i and ([uinolinic 
acid. Makino cl also reported that their enzyme pr(‘})aration converted 
3 ,4-dihydroxyanthranilic acid to nicotinic acid just as effectively as it did 
3-hydroxyanthranilic acid, indi<*ating that this substan(*e may be an inter- 
mediate in the conversion. Their syst.em also formed small amounts of 
nicotinic acid from tryptophan and from (|uinolinic acid. Ht*nd(‘rson el 
were unable to confirm these findings with 3 , l-dihydroxyan1hranilic a(*id 
using rat and hog livca* preparations. 

The intermediate Ix^tween 3-hydroxyanthranilic acid and nicotinir* acid 
is not entirely clear, although considerable evid(m(*e indicate.s thaf (piino- 
linic acid is either an intermediate or a by-produr*t of tlu* reaction. Singal 
et alP were the first to note that trypt()j)hun administration in rats and in 
dogs^^ re>sulted in the urinary excretion of an unidentified substance which 
had nicotinic acid activity after acid, but not after alkaline, hydrolysis. 
This substance was identified by Henderson^® as (luinolinic; acid. This com- 
pound can substitute for nicotinic! acid in the rat (see 'lablc! XI), although 
it is far less effective than nicotinic ac!id, tryptophan, or 3-hydr(jxyanthra- 
nilic acid."^ It seems clear that (quinolinic acid can l)eusedasa precursor of 
nicotinic acid by the rat. Plowever, the relatively large amount; reciuirecl 
in comparison to the effective amounts of tryptophan, 3-hydroxyarithranili<* 
acid, and nicotinic acid induces considerable doubt that it is a normal inter- 
mediate between 3-hydroxyanthranilic acid and nicotinic acid, although it 
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may well be a side produc,t which is normally excreted into the urine rather 
rapidly after it is formed. 

The conversion of tryptophan to nicotinic, acid is a rather inefficient 
process at best. Krohl d ul?- list the relative activities of tryptophan, 3- 
hydroxyanthranilic acid, quinolinic acid, and nictotinic acid as 10, 10, 20 
to 40, and 0.2 mj?., respectively, in correcting* nicotinic acid deficiency in 
the rat.. On an equimolar basis 3-hydroxyanthranilic acid is somewhat less 
active than trypto])han, which might be explainable if the liver converted 
a considerable i)ortion of the 3-hy(lroxyanthranilic acad to (quinolinic acid 
wliicii was then prom})tly excreted and thus lost to th(^ nicotinic acid econ- 
omy of the tissues. 

Kecent evichmee by Schayer and Hemderson^^ using doubly labeled tryp- 
tophan makers i1 a cry likely that the inhanuKliat-e betwe^en 3-hydroxy- 
anthranilic acid and (quijiolinic. acid is a substance in which the benzene 
ring is si)lit in ilie 3-4 position similar (o that depictcnl in Fig. 10. 

C. SITF OF BJOSYNTHESlvS 

There liave Ixhmi two principal s(*hooLs of thought on this subject, one 
holding that the ])rincipal site of the tryptophan to nicotinic acid conver- 
sion is m th(* tissiK's and the other holding that the inl()stinal bacteria are 
th(^ ])red()ininant. factor in this <*onv(‘rsion. 

1. Synthesis in Tissues 

In th(‘ lat it has Ixhmi clearly denum strut (xl that the conversion of tryp- 
to])han to nicotinic acid can pioceed with normal efficienc.y without the 
intervention of intestinal microbes. Iliis conclusion voiild be inferred from 
studi(\s ])reviously cited showing (1) that enzyme systems exist in tissues 
which are capable of carrying out many of the steps in the conversion; (2) 
that tryi)t.ophan and some of the ink'rnK'diates in the convtTsion are effec- 
tiA'oly changed into nicotinic acid when given parenterally; f3) that tryp- 
tophan gi\Tn parcMiterally k^ads lo an incri'ase in the nicotinic acid-con- 
taining co(*nzynies of ('rythr(x*vt(*s within 4 hours,’® an effect too rapid to 
be ("xplaijiable if tryptophan had to be excreted into the intestinal tract, 
(x)nvert(xl to nicotinic acid, reabsorbed, and then pickt'd up and incor- 
])orated into coenzym(\s by the erythrocytes; and (4) that a deficien(*y of 
pyridoxine interfoi'od in the conversion of tryptophan to nicotinic acid or 
inhibik'd certain steps in this proc(^ss in intact animals and in tissue prepa- 
rations.'*®* - Finally, it was shown by Henderson and llankes®® and 
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by Hundley®® that the conversion of tryptophan to nicotinic acid proceeded 
with normal efficiency in rats surgically deprived of their entire intestine. 

2. Synthesis by Intestinal Microorganisms 

These findings, however, do not necessarily mean that under normal 
conditions the intestinal bacteria may not convert some tryptophan to 
nicotinic acid or, in addition perhaps, synthesize some nicotinic acid fijom 
other precursors which ma}'^ be utilized by the host. The entire quesijion 
of intestinal synthesis of vitamins in relation to the vitamin economj^ of 
the host is a complicated question which is very difficult to approach py 
direct, conclusive experimentation. Some aspec^ts of this question have 
been reviewed in the section on requirements (p. 583). 

There is little direct evidence indi(!ating how much influence intestinal 
bacteria may have on the nicotinic acid requirement (^f the host by virtue 
of the participation of such baederia in the conversion of tryptophan to 
nicotinic acid. There is little, if any, direct relationship between the nico- 
tinic acid content of the cecum or of the feces and tryptophan in 
the diet.23' si. 32 Junqueira and Hchweigert/*^ found that sulfasuxidine, added 
to rat diets for the purpose of suppressing intestinal mi(‘robial activity, 
had no influence on the efficiency of conversion of tryptophan to nicotinic 
acid. However, if the diet^s were deficient in folic a(‘id, then sulfasuxidine 
did reduce the amount of nicotinic, acid formed from tryptophan. Further- 
more, Ellinger and Abdel Kader^®- found that oral tryptophan was two 
to five times as effective as parenteral tryptophan in increasing urinary 
N^-methylnicotinaraide whereas tryptophan given orally to rats receiving 
sulfasuxidine produced little or no increase in N‘-methyInicot inamide ex- 
cretion. Other investigators have not found such a wide discrepancy be- 
tween the relative effectiveness of oral and parenteral tryptophan. For 
instance, Rosen et al.^^ found oral tryptophan about two times as effective 
as parenteral tryptophan in increasing urinary nicotinic acid metabolites. 
Snyderman et al.^^ found oral and parenteral tryptophan equally effective 
in increasing urinary N^-methylnicotinamide in infants. Sung and Tung®® 
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found monomethyltryptophan (presumably amino-N-methyltryptophan) 
equally effective by mouth or parenterally in increasing the urinary excre- 
tion of nicotinamide and its derivatives in rats. 

3. Utilization of l- and d-Tryptophan as Precursors for 
Nicotinic Acid 


а. In Rat 

There is a very limited amount of information on this subject. Both d- 
and L-tryptophan can be used by the rat for ni(*otinic acid synthesis, al- 
though D- tryptophan is somewhat less efficiently utilized.'*^ - Acetyl- 

D-tryptophan, however, was (completely inactive, and acetyl-L-tryptophan 
was only about one-half as active as L-tryptophan.*^* 

б. In Poultry 

In the chick, (Irau and Alm(iuist*®® found D-tryptophan to be completely 
inactive, although later studies by Wilkening and Schweigert*®^ indicated 
that the chick could use D-tryptophan 17 to 40% as efficiently as L-tryp- 
tophan. Kratzcr ct found D-tryptophan to be 30% as active as L-tryp- 
tophan in turkccy poults. These studies in poultry evaluat^ed the utilization 
of D-tryptophan for growth. Its effect on niccotinic acid reciuirements was 
not studied. Utilization of the isomers would not necessarily be the same 
in the conversion of tryptophan to nicotinic acid. Anderson et studied 
this question in (chiccks under conditions where they (could measure the 
nicotinic acid-replacing value of the isomers of tryptophan. These workers 
could find no evidence that D-tryptophan was utilized as a precursor of 
nicotinic acid when the diet contained glucose as the principal carbohydrate. 
However, when the ration contained starch, D-tryptophan was utilized to a 
limited extent. These facts, plus the finding that the utilization of D-tryp- 
tophan Avas reduced Avhen the starch ration contained sulfasuxidine, indi- 
(‘ate that intestinal microorganisms may play some role in the utilization 
of D-tryptophan. 

c. In Dogs 

In dogs, Singal and associates^® obtained evidence that only L-tryptophan 
was used as a precursor for niicotinic acid in spite of the fact that DL-tryp- 
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tophan is used as efficiently as L-tryptophan for maintenance of nitrogen 
balance and for plasma protein synthesis.^®^ 

d. In Man 

D-Tryptophan is apparently not utilized to any extent^®® for ordinary 
metabolic purposes in man. Sarett and Goldsmith®** c^ould find no evidence 
that D-tryptophan was used as a precursor of nicotinicj acid in m^n. 

4. Tryptophan-Nicotinic Acid Relationships in Other Organisms 

а. Eggs \ 

It is well known that nic^otinkt acid is synthesized by the devclpping 
chick^®® and turkey^®^ embryo. There is also an increase in the total ank)unt 
of pyridine nucleotide as the embryo develops.^**® The precnirsors of this 
synthesized nicotinic acid are not known. However, Schweigert et 
found that tryptophan iiitrodiu^cd into the embryo resulted in a moderately 
increased synthesis of nicotinic! acid. Kidder and associates^*® were unable 
to confirm this finding, although Denton and associates*** were able to do 
so. Furthermore, Ackerman n and Taylor***^ have found that both nico- 
tinamide and tryptophan can prevent toxicity from 3-acetylpyridine in the 
developing embryo, although tryptophan was considerably less i)otent than 
nicotinamide. These findings seem to indicjate a tryptophan-nicotinic acid 
relationship in this organism and have additional interest sinc^e this is a 
situation in which tryptophan (*an apparently be converted to nic^otiuic 
acid ill the complete absence of any microorganisms. 

б. Plants 

The fact that plants can and do synthesize nicotinic aedd during germi- 
nation and growth from the simplest of inorganic elements is well known. 
There is some evidcnc^e that tryptophan may serve as a precursor of nico- 
tinic acid under certain conditions. Nason**® found that l- or DL-tryptophan 
and 3-hydroxyanthranilic acid incTeased nicotinic acid synthesis in the 

104 S. C. Madden, R. R. Woods, F. W. Shull, and G. IirWhipple, J. Exptl. hfed. 79. 
607 (1944). 

106 A. A. Albanese and J. K. Frankston, ./. Biol. Chem. 166, 101 (1944). 

»o« W. J. Dann and P. Handler, J. Biol. Chem. 140, 935 (1941). 

107 C. Furman, E. E. Snell, and W. W. Cravens, Poultry Sci. 26, 307 (1947). 

108 M. Levy and N. F. Young, J. Biol. Chem. 176, 185 (1948). 

100 B, S. Schweigert, H. L. German, and M. J. Garber, J. Biol. Chem. 174, 383 (1948). 

110 G. W. Kidder, V. C. Dewey, M. B. Andrews, and R. R. Kidder, ./. Nutrition 37, 
521 (1949). 

111 C. A. Denton, W. L. Kellogg, W. E. Rowland, and H. R. Bird, Arch. Biochem. and 
Biophys. 39, 1 (1952). 

11* W. W. Ackermann and A. Taylor, Proc. Sac. Exptl. Biol. Med, 67, 449 (1948). 

11* A. Nason, Science 109, 170 (1949); Am. J, Botany 8, 612 (1950). 



VI. BIOGENESIS 


533 


incubating corn embryo. Gustafson"^ found that tryptophan increased, 
slightly, the nicotinic acid content of broccoli, cabbage, and tomato leaves, 
liancrjee and Bancrjec“‘ found tliat tryptophan increased nicotinic acid 
in germinating Fhaseohis mungo seeds, although Terroine”® could demon- 
strate no such relationship in Pluiseohis multiflorus embryos. 

c. Insects 

Neither Tribolium confusnm nor Tenebrio molitor can use tryptophan in 
place of nicotini(! acid.**’ “Germ-free” Drosophila also require preformed 
nicotinic acid and cannot synthesize it from tryptophan.*'* 

d. Mieroorganisnis 

Davis et af.*** have reported that a tryptophan-nicotinic acid relation- 
ship e.xists in Xanthomonas pmni very similar to that in Neurospora crassa- 
Tryptophan (ian replace nicotinic acid for the growth of the fungus Tri- 
chophyton equinum}^'^ Schopfer and Boss*^* found that 2-methyl-l ,4-naph- 
thoquinone inhibits growth and nicotinic acid synthesis in Phycomyces 
blakesleeanns, an elbret reversible by tryptophan, kynurenine, anthranilic 
acid, indole, nicotinic acid, and nicotinamide. Whether this indicates a 
tryptophan-nicotinic acid conversion mechanism in this fungus is not yet 
clear. Kidder d of."® could demonstrate no tryptophan-nicotinic acid re- 
lationship in the animal microorganism Tetrnhymena. 

Tt is well known that many bacteria require nicotinic acid, and others 
lecjuire tryptophan, whereas some require both nicotinic acid and trypto- 
phan for growth. Many ba(;teria can synthesize both ni(!otinic acid and 
tryptophan from simple inorganic molecules. I lowever, little is known about 
the exact mechanism of nicotinic acid biogenesis in bacteria. A tryptophan- 
nicotinic acid interrelation in the same sense as it exists in Neurospora and 
in animals is not known to exist in bacteria.*®®'*®^ 
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VIL Estimation 

Biologkjal, chemical, fluorometric, photometric, and microbiological tech- 
niques have been employed for the estimation of nicotinic acid and related 
substances. 


A. BIOLOGICAL ASSAY 

J. M. HUNDLEY j 

Animal assays offer little opportunity for the exa(d. determination of 
nicotinic acid unless the substances to be tested are completely free from 
protein and amino acids, especially tryptophan. Biological tests might offer 
possibilities in assessing the over-all pellagra-prote(!tive poten(*y of foods if 
a suitable way to quantitatively express and compare the results (‘ould be 
devised. Young nicotinic acid-deficient animals do show a growth response 
proportional, within a narrow range, to the amount of nicotinic snm\ admin- 
istered. This has been demonstrated with pure, or relatively pure, solutions 
of nicotinic acid or nicotinamide in puppies,^ weanling rats,^'^ and chicks.* 
Some idea of the nicotinic acid content of test, solutions may be gained by 
attempting to cure blacktongue in adult dogs, but pretnsc* quantitative re- 
sults are almost impossible. Test substances may also bo evaluated by 
their ability to prevent blacktongue in dogs on suitable diet.s, but this tech- 
nique also has many variables. 

B. CHEMICAL METHODS 
J. M. HUNDLEY 
1. Nicotinic Acid 

The chemical determination of nicotinic acid is, in theory, quite simple. 
Utilizing the Konig reaction,® nicotinic acid is treated with cyanogen bro- 
mide and then with an aromatic amine to yield a colored compound which 
can be quantitated photometrically. The underlying reaction pro(?eeds in 
two steps: first, the intermediate production of -a pyridinium derivative 
by reaction of the nicotinic acid with cyanogen bromide, and, second, the 
production of a colored glutaconic dialdehyde derivative by reaction with 
the aromatic amine.®* ^ 
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However, the large number of modifications of this basic method which 
have appeared in the past twelve years attests to the fact that the proce- 
dure is not so simple as it seems when applied to a variety of biological 
materials. Difficulties are encountered in hydrolysis in obtaining complete 
liberation and maximum conversion of nicotinamide to nicotinic acid with- 
out formation of interfering chromogens and without conversion of tri- 
gonelline. The choice of reaction temperatures and proper pH, the choice 
of the proper aromatic amine to yield the maximum stable color, and proper 
blank corrections are important factors. Many of these difficulties have been 
discussed and examined in detail in other publi(*ations.*' ® Gyorgy and 
Rubin® present detailed instni<‘tions for three methods: (1) a procedure 
using metol, devised by Perlzweig ct and improved by Dann and 
Handler," which has been used extensively in examining animal tissues; 
(2) the aniline procediini of Melni(‘k,*“ which has been applied extensively 
to cereals; and (3) a p-aminoacetophenone (or p-aminopropiophenone) pro- 
cedure developed by a liritish group. " Dennis and Rees*® have recently 
proposed a method which uses procaine hj^'drochloride for color develop- 
ment. The Association of Vitamin Chemists*® has adopted two carefully 
(‘hecked chemical methods, one of which is essentially the method of Friede- 
mann and Frazier.® A new method has recently been proposed for adoption 
by the Association of Official Agricultural Chemists.*^* The method uti- 
lizes sulfanilic acid or Tobias acid (2-naphthylamine-l -sulfonic acid) for 
color development and permits both a quantitative and a qualitative dif- 
ferentiation of nicotinic acid and nicotinamide. 

2. Differknti.\l Assay of Nicotinic Acid, Nicotinamide, and Related 

Compounds 

These compounds may be differentially quantitated either by micro- 
biological (p. 538) or by chemical methods. In addition to the method of 
Sweeney and Hall, mentioned above,**" - *® paper chromatography has proved 
useful in separating and determining small quantities of these sub- 
stances.*®'®* 
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Ciusa^^ des(;ribed a procedure which depends on the Konig reaction be- 
fore and after the unknown solution is boiled with chlorobenzene. Since 
chlorobenzene reacts with nicotinamide, but not with nicotinic acid, the 
two forms of the vitamin can be determined by difference. Scudi^*^ descjribed 
a fluorometric, procedure for the d(‘termination of nicotinamide which in- 
volves the conversion of nicotinamide to a fluorescent N ^-methyl derivative. 
Chaudhuri and Kodicek-^ have developed a somewhat related method jivhich 
measures only ni(;otinamide in biological materials. They used cyaiiogeii 
bromide and treatment with strong alkali to yield a fluorescent deri>)|jative 
which could be quantitated in a photoelectric fluorometer. Kato and 
Shimizu^^ had difficulty with this method, because of interference from 
kyniireiiino, 3-hydroxykynurenine, and other substances. These interfer- 
ing substances could bo removed by chromatographing on a carboxylic- 
type cation exchange resin and a strong-base-type anion exchange resin. 

Ellinger and Abdel Kader-® have developed chemi(*al methods with which 
they could differentially determine nicotinic acid, nicotinamide, nicotinuric 
acid, N^-methylnicotinamide, and trigonelline. The basis of the procedure 
was hydrolysis of sample alicpiots in various strengths of acid, alkali, and 
alkali plus urea, with subseciuent application of the Konig reaction. (N*- 
methylnicotinamide was assayed fluorometrically.) 

3 . X ^ -M KTII YLNK’OTI N AMI 1) K 

Several methods have been devised to measure' this substance in urine.'"' "’ 
Some of these measured trigonelline as well as X^-rncdhylnic.otinamide. Th(‘ 
method in most general use at present is that dc'viscnl l)y Huff vi o/.’- 'rhls 
method is sensitive, accurab*, and rapid and has gi\^(‘n excellent results 
in many hands. It depends on the reaction of N*-methylni(*otinamide and 
acetone in the presence of alkali to yield a fluorescent derivative whi(*h can 
be quantitated against an internal standard of synthetic N’-methylnico- 

C. F. Heuljner, Nalvre 167, 119 (1951). 

E. Kodicck and K. K. Ueddi, ^niare 168, 475 (1951). 

« E. G. Wollish, M. Schmall, and E. G. Schafer, Anal. (%cm. 23, 708 (1951). 

W. Ciusa, Ann. chim. appl. 39, 93 (1949). 

2* J. V. Scudi, Science 103, 567 (1946). 

P. K. Chaudhuri and lO. Kodicck, Biochem. J . 44, 343 (1949), 

2* M. Kato and H. Shimizu, Science 114, 12 (1951). 

2* P. Ellinger and M. M. Abdel Kader, Biochern. J. 44, 77, 027 (1949). 

22 J. W. Huff and W. A. Perlzweig, J. Biol. Chem. 160, 395 (1943). 

*8 M. Hochberg, D. Melnick, and B. L. Oser, /. Biol. Chem. 168, 265 (1945). 

22 V. A. Najjar, Bull. Johns Hopkins Hasp. 74, 392 (1944). 

2® R. A. Coulson, P. Ellinger, and M, Holden, Biochem. J. 38, 150 (1944). 

H. P. Sarett, J. Biol. Chem. 160, 159 (1943). 

M J. W. Huff, W. A. Perlzweig, and M. W. Tilden, Federation Froc. 4 , 92 (1945); 

J. Biol. Chem. 167 , 157 (1947). 
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tinamide using a fluorometer equipped with the same filters as for thio- 
ohrome. As little as 0.3 7 of the (compound per milliliter of diluted urine 
can be detected easily. This usually permits a sufficient dilution to eliminate 
interfereiioe from highly pigmented urines and other substances. Urines 
giving high blank values can be decolorized with chan^oal and acetic acid. 

4. O-Pykidone of N^-Methylnicotinamide 

This compound*^ assayed directly by means of its intense ultra- 

violet absorption which has maxima at 260 and 290 m/x. As little as 1 7 
per milliliter can be assayed in this way. Rosen d al.^^ found the spectro- 
photometric technique somewhat inadequate in that the values \vere too 
high largely because of inability to obtain a suitable blank. They devised 
a fluorometric method whi(*h gave satisfactory results. This method, al- 
though somewhat laborious, is useful and docs not detect N*-methylnico- 
tinamidc. 

5. Trigonelline (N^-Methyl Nicotinic Acid Betaine) 

In spit(‘ of the close structural similarity of this substance to N^-methyl- 
nicotinamide, it is now well established that it is not a metabolic product 
of nic-otinic acid in mammals. Several methods have been devised to measure 
it in urine.“®' 

0. DPN AND TPN (Coenzymes I and II) 

Enzymatic spectrophotometri(* methods have been described elsewhere 
(p. 509). Total pyridine nucleotides in red blood cells may be determined 
by means of a fluorometric proc'cAure’"*® based on the same principle as 
HufI, Perlzweig, and Tilden’s fluorometric determination of N^-methyl- 
iii(jotinamidc in urine.®^ The blood is made protein-free with trichloroacetic 
acid. Acetone condensation is then carried out in the presence of alkali, 
yielding a fluoresc'ent derivative which can be (juantitated fluorometrically. 
The procedure yields results very similar to those obtained by Hemophilus 
parainfluenza assay. 

Essentially the same procedure can be applied to assay the contents of 
coenzymes I and II in the tissues.®^ lii this instance the tissue to be assayed 
must be immersed promptly in 2 % nicotinamide solution to inhibit break- 

W. E. Knox and W. I. Grossman, J, Biol. Chem. 168, 121 (1947). 

F. Rosen, W. A. Perlzweig, and I. G. Leder, J. Biol. Chem. 179, 157 (1949). 

S. W. Fox, E. W. McNeil, and H, Field, Jr., J. Biol. Chem. 147, 645 (1943). 

36a p Sarett, W. A. Perlzweig, and K. D. Levy, J. Biol. Chem. 135, 483 (1940). 

N. Levitas, J. Robinson, F. Rosen, J. W. Huff, and W. A. Perlzweig, J. Biol. Chem. 

167, 169 (1947). 

J. Robinson, N. Levitas, F. Rosen, and W. A. Perlzweig, J . Biol. Chem. 170, 653 

(1947). 
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down of the coenzymes. The reduced coenzymes are oxidized, after which 
the same procedure is used as for determining coenzymcs in blood. 

Kaplan et al}^ have recently proposed a (?hemi(?al method based on the 
facts that oxidized DPN and TPN are split by alkali and that treatment 
with strong alkali produces a bluish fluorescence which can be quantitated. 
When crude tissue extrac^ts were used, the difference in fluorescence before 
and after the coenzymes were destroyed with an enzyme (DPNase from 
Neurospora) was a measure of the amount of DPN-TPN originally present. 
N^-Methylnicotinamide interfered slightly in the test. The method hks not. 
yet received its baptism of fire by being tried in tissue studies by other 
investigators. 


7. Other Methods 

Feinstein^® has devised a rapid, simple test to determine whether flour 
has been enriched with nicotinic acid. A few drops of aniline are dropped 
into the center of a packed sample of the flour. A few drops of cyanogen 
bromide are dropped on top of the spot wet from the aniline. A canary 
yellow color appears promptly, and the depth of the color is roughly pro- 
portional to the amount of niciotinic acid in the flour. 

C. MICROBIOLOGICAL METHODS 
E. E. SNELl, 

Nicotinic acid and nicotinamide have been found essential for a great 
variety of bacteria and yeasts sin(*e the nutritive importance erf these (!om- 
pounds for bacteria was first indicated by the work of Lwoff and LwolT 
with influenza bacilli,^® of Knight with staphylococci, of Mueller with 
diphtheria organisms, and of Snell and coworkers with lactic aerid bac- 
teria.^ 

A number of nicotinic acid derivatives occur naturally (e.g., nicotina- 
mide, coenzymes I and II, N‘-methylnicotinamide, trigonelline, quinolinic 
acid, etc.), and selection of an assay organism for which the activity of 
these compounds parallels their activity for animals is important. Nico- 
tinic acid and nicotinamide have widely different activities for staphylo- 
cocci, corynebacteria, dysentery organisms, pasteurella, and several other 
bacteria, and hence these organisms are not entirely satisfactory for assay 

** N. 0. Kaplan, S. P. Colowick, and C. C. Barnes, J. Biol. Chem. 191, 461 
Feinstein, Science 101, 675 (1945). 

A. Lwoff and M. Lwoff, Proc. Roy, Soc, {London) B122 , 352 (1937). 

« B. C. J. G. Knight, Biochem, J. 81, 731, 966 (1937). 

« J. H. Mueller, J. Biol. Chem. 120, 219 (1937) . 

** E. E. Snell, F. M. Strong, and W. H. Peterson, J. Am. Chem. Soc. 80, 2825 ( 1938 ); 

J. Bacterid. 88, 293 (1939). 



VII. ESTIMATION 


539 


purposes, quite apart from their pathogenic? (?haracter.^^ Some nicotinic 
acid-requiring yeasts utilize trigonelline,^^ and special procedures to correct 
for this substiance, whi(?h has no a(?tivity for animals, are necessary when 
they are used. A wide variety of lactic acid baciteria require nicotinic acid; 
furthermore, the most widespread of the active forms of the vitamin (nico- 
tinic acid, nicotinamide, coerizymes I and II) are equally active on the 
molar basis. The method of Snell and Wright,^® which uses Lactobacillus 
arahinosus as the assay organism, has been widely studied and has proved 
highly successful both in its original form and in any of several minor modi- 
fications. 

The assay procedure of choice is the modification adopted after wide 
(?ollaborativo study by the U S. Pharma(?opeia^^ and the American Associ- 
ation of Agri(‘ultural Chemists. The method has been treated in detail 
with respect to procedure, specifiinty, and reliability in several readily 
available treatises.^^' Growth of L. arahinoms in the niacin-free basal 
medium used increases with the niacin concentration in the range from 0 to 
about 0.40 7 per 10 ml. of medium. Pure nicotinic* acid and samples to 
supply the vitamin at several levels within this range are added to indi- 
vidual lubes containing 5 ml. of the double-strength basal medium. Each 
tube is then diluted to 10 ml., capped, autoclaved, cooled, and inoculated. 
Response of the test organism is usually determined by acid titration after 
72 hours in<?ubation at 30 to 37®; under favorable (conditions, turbidimetric 
estimations of growth can b(? made as early as 24 hours. The niacin (con- 
tent of the sample is then determined by interpolation of the response 
obtained with known levels of the samples onto the standard curve obtained 
by plotting the responses to known levels of nicotinic acid. The procedure 
is usually considered accurate to within dbl0%, which compares very 
favorably with the best of the chemical procedures. 

The extraction of nicotinic acid from natural materials preparatory to 
assay offers little difficulty because of the looseness with which the vitamin 
is bound, and because of the stability of nicotinic acid. Autoclaving of the 
finely divided sample at 15 lb. pressure for 15 minutes with 0.1 AT sulfuric 
acid is the preferred proccdure.^^* Few interfering materials are known. 
In contrast to animals, the test organism is unable to utilize tryptophan or 
the intermediates between tryptophan and niacin for growth in the absence 

E. E. Snell, Biol. Symposia 12 , 183 (1947). 

W. L, Williams, J. Biol. Chem. 166 , 397 (1946). 

E. E. Snell and L. D. Wright, J. Biol. Chem. 189 , 675 (1941). 

U. S. Pharmacopeia, 14th revision, p. 737, 1950. 

E. E. Snell in Vitamin Mc^thods, Vol. I, pp. 360-370. Academic Press, New York, 

1950. 

Association of Vitamin Chemists, Methods of Vitamin Assay, 2nd ed., p. 245. In- 
terscience Publishers, New York, 1951. 
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of niacin.®® Although the assay values thus give the true niacin content of 
a foodstuff, they do not therefore necessarily reflect the effectiveness of a 
foodstuff in preventing pellagra or blacktongue. Indeed, the low values for 
niacin first found in eggs and milk by this procedure*^® and confirmed by 
improved chemical methods,®' as contrasted with the known value of these 
foods in preventing pellagra, were among the first findings pointing to the 
importance of factors other than niacin in the etiology of pellagra. / 

For special purposes, assay methods with different specificities ma(y be 
of value. A strain of Leucoriostoc mesenteroides responds to nicotinic ij.(*id, 
but not to nicotinamide, and has been used for estimation of the former in 
the presence of the latter.^®* Following appropriate hydrolysis, total nia- 
cin is obtained. By use of the yeast, Torula cremoris^ together with a variety 
of hydrolytic procedures, one may estimate either (1) total niacin, (2) 
niacin plus trigonelline, or (3) niacin plus trigonelline plus N‘-methylnico- 
tinamide.^® Some organisms, e.g., Pasteurella amseptica, utilize* nic^otinamidc 
but not nicotinic acid;®*^ assay of the former in the presence of the latter 
should thus be possible. None of these procedures has been widely used. 


VIII. standardization of Activity 

J, M. HUNDLEY 

Both nicotinic acid and nie^otinamide are readily available from commer- 
cial sources in quite pure form. There is little need for reference standards 
for most purposes. The purity of commercial products can be checked 
readily by melting point and other tests; they are readily recrystallized if 
necessary. However, a TJ.S.P. reference standard of pure crystalline nico- 
tinic acid is available for those who wish to use it.' Commercial nicotinic 
acid, U.S.P. grade,-* must be at least 99.5% CellsNOg. When dried at 105® 
for 1 hour it must lose no more than 1 % in weight. When ignited there 
must be no more than 0.1 % residue. It must have no more than 200 p.p.m. 
of chloride, 200 p.p.m. of sulfate, and 20 p.p.m. of heavy metals. Nico- 
tinamide (U.S.P.)^ must be at least 98.5 % C 6 H 6 N 2 O and must lose no more 
than 0.5% of its weight after drying over H2SO4 for 4 hours. On ignition 
there must be no more than 0.1 % of residue, and it must contain no more 
than 30 p.p.m. of heavy metals, 

w B. E. Volcani and E. E. Snell, Proc, Soc, ExptL BioL Med. 67, 611 (1948). 

« W. J. Dann and P. Handler, J. Biol. Chem. 140, 201 (1941). 

« B. C. Johnson, J. BioL Chem. 169, 227 (1945). 

S. Berkraan and S. A. Koser, J. Bacterial 41» 38 (1941). 

1 U. S. Pharmacopeia Reference Standards, 46 Park Ave., New York 16, N. Y. 

* U. S. Pharmacopeia, 14th revision, p. 379 (1950). 
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DC. Occurrence 

J. M. nUNI>LIiY 

There is a tremendous volume of literature which presents in detail the 
nicotinic acid content of practically every form of living matter or sub- 
stances derived from living matter (Table XIII). Much of this information 
is of but limited value, from the standpoint of practical nutrition, since we 
know that there are many factors which influence the amount of nicotinic 

TAHLK XIII 

OCOURRENCK OP NK’OTINIO AcID IN ORGANISMS OK VARIOUS BIOLOGICAL PlIYLA 

(from Woods el a L^) 


(7/g. 

of moist tissue) 


Frog (Rana) 

11.7 

Brewer yeast 

126.0 

Horned toad 

26.8 

Rat (whole) 

61.0 

Snake {Thaninophis) 

28.0 

Lamb leg muscle 

75.0 

R(m 1 ant (Dolirhedenm) 

20.5 

Veal leg muscle 

72.0 

Cockroach (Peri planeta awcricanus) 

33.0 

Chicken l(*g muscle 

38.0 

Termites (Zootvrm posis) 

32.0 

Chi(5k embryo 

28.4 

Drosophila virihs larvae NY 

36.5 

Salmon steak 

64.0 

Drosophila viniis larvae NO 

37.5 

Fish (Crypinidae) 

23.9 

Oyster {Mt/hlns) 

11.7 

Whole wheat (seed) 

11.0 

Larthworru (Lumbneus tenrstris) 

15.0 

Lima beans (dry seed) 

9.8 

Prol ozoa (Tel rah ymena gelei i ) 

11.7 

Cauliilower (flower) 

5.7 

Acrobarter aerogencs, aerobic 

49.1 

Carrots (root ) 

2.6 

(Sr rra t ia tn a rcescens 

40.1 

Blackeyp peas (dry seed) 

13.0 

Pftcuflomonas Jl uoresecn s 

44.0 

Apples (fruit) 

0.8 

(lostridium butylicum^ anaerobic 

73.0 

Watermelon (fruit) 

2.4 

Mushroom (Coprinus at ran cut a ri us) 

68.5 

Lettuce (loaf) 

2.5 

Mold 

12.2 

Irish potato (tuber) 

4.3 


acid that can be derived from a given diet, factors which cannot be readily 
assessed quantitatively except by actual experiment. The amount of tryp- 
tophan in relation to the balance of other amino acids, the type and amount 
of carbohydrate, the amount of fat, the relative availability of the nicotinic 
acid in the food, and the possibility of intestinal microbial synthesis all 
influence the pellagra-preventive potency of a given diet. For this reason 
the data on the pellagra-preventive poteniiy of foods, gathered by Gold- 
berger and his associates by actual test on pellagrins and on blacktongue 
dogs, still are reliable for practical use.‘*'^ The potencies (good, fair, and 

^ A. M. Woods, J. Taylor, M. J. Hofer, G. A. Johnson, II. L. Lane, and J. R. McMa- 
han, Univ. Texas Publ. 4237 , 84 (1942). 

J. GoldberRer and W. F. Tanner, Public Health itepts, {U, S.) 39, 87 (1924). 

* J. Goldberger, G. A. Wheeler, 11. D. Lillie, and L. M. Rogers, Public Health Repts, 
{U. 8,) 41 , 297 (1926). 
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little or none) found by these workers are listed in Table XIV. The nico- 
tinic acid content of these foods is also listed. It is interesting that, with 
a few exceptions, the nicotinic acid valuers compare fairly well with the 
pellagra-preventive potency found by these workers in empirical testing. 


TABLE XIV 

Pellagra Preventive Potency of Foodstuffs (Goldberger llATiNGfj)" 


Good 

Nicotinic 
acid 
content, 
mg./lOO g.j 

Fair 

i 

Nicotinic 
acid j 
content, 
mg./HM) g.| 

Little or none 

Nicotinic 
\acid 
edntent, 
mgyi(K) K 

Beef (fresh) 

4.2 

Haddock (canned) 

2.4 

Pork, salt 

6.0 

Corned Iwef (canned) 

3.4 

Fgg yolk (dried) 

0.1 

Butter 

0.1 

Chicken 

8.0 

Skim milk (fresh) 

0.1 

Casein (leached) 

0.0 

Pork liver 

10.5 

Skim milk (dried) 

1.1 

(\)rnmeai 

1.0 

Pork shoulder, lean 

4.0 

Evaijoruted milk 

0.2 

(Tornsturch 

0 

Rabbit 

8.8 

Wheat, wliolc 

4.3 

, Oats, rolled 

1.0 

Salmon (canned) 

7.3 

Kidney beans 

2.5 

Uye meal 

1.6 

Buttermilk 

0.1 

Soybeans 

2.3 

CTod liver oil 

0 

Kale 

1.7 

Cabbage, green 

0.3 

j Cottonseed oil 

0 

Collards 

2.0 

Cowpeas 

2.2 

Lard 

0 

Green peas 

2.7 

Mustard greens (canned) 0.7 

Green l>eans (canned) 

0.3 

Tomato juice (canned) 

0.8 

Green |)ea« (dried) 

3.1 

Navy l>eans 

2.2 

Turnip greens (canned) 

0.6 

Spinach (canned) 

{)..3 

C'arrots 

0.5 

Wheat germ 

4.6 



Li‘ttuce 

0.2 

Peanut meal 

16.2 



Green and mature onions 0.2 

Yeast, baker's 

28.2 



Sweet i^otatoes 

0.6 

Yeast, brewer's (dried) 

36.2 



j Irish potatoes 

1.2 





j Rutabaga 

0.9 





Dried apples and prunes 1.7 





(ielatin 

0 





Beets (fanned; 

0.1 





Whole w'hey 

0.8 





American cheese 

Tract 


® Most of the nicotinic acid values are taken from “Composition f>f Foods,” in IT. S. Department of Agri- 
culture Handbook No. 8. 


A. OCCIiRRENCE IN FOOD 

The nicotinic acid^* content of all common food items has been com- 
piled by the Bureau of Human Nutrition and Home Economics of the 

« J. Goldberger, G. A. Wheeler, 11. D. Lillie, and L. M. Rogers, Public Health Hepts, 
(17. S.) 43. 1385 (1928). 

* J. Goldberger and W. H. Sebrell, Public Health Repts. (V . S.) 46, 3064 (1930). 

» W. H. Sebrell, Public Health Repts. (U, S.) 49. 764 (1934). 

•W. H. Sebrell, G. A. Wheeler, and D. J. Hunt, Public Health Repin, (U. S.) 60, 
1333 (1935). 

’ W. H. Sebrell, R. H. Onstott, and D. J. Hunt, Public Health Repts. (U, aS.) 63, 
72 (1938). 

Nicotinic acid in this instance and in many other places in this section is used in 
its generic sense to mean total nicotinic acid, irrespective of whether the actual 
form present is the acid, the amide, or the bound forms of either. 
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U. S. Department of Agriculture.® The nicotinic acid content of various 
animal tissues has been determined and compiled by several groups.®"^^ 
Cereal products have been analyzed and the results compiled.*®"^® The 
nicotinic acid (jontent of many fresh fruits and vegetables is listed by 
Russell et Rich sourc,es of nicotinic acid are yeasts and meats, especially 
organ meats such as liver, pancreas, heart, and kidneys. Wheat, barley, 
and rye are better sources than com, oats, or rice. Peanuts are a much 
richer source than soy and other varieties of beans. Milk and related dairy 
products are low in nicrotinic acid. Wheat germ and brewer’s yeast are 
excellent sources. 


B. FORMS OF 0CCURRI:NCE 

In living animal tissues almost all the nicotinic acid is found as the amide 
bound into nucleotides (DPN and TPN).^® Meats as purchased for human 
consumption undoubtedly contain a considerable amount of free nicotina- 
mide, since the pyridine nucleotides are rapidly inactivated and broken 
down after cellular death, particularly if the (‘ells are disrupted (p. 507). 
Krehl and associates-* studied the relative distribution of nicotinic acid 
and nicotinamide in a A^ariety of cereals, vegetables, and other natural 
products. From 7 (yellow corn) to 70% (white potatoes) of the total ac- 
tivity was found as niciotinamide, the remainder as nicotinic acid or as 
substances which yielded nicotinic acid on hydrolysis. Skim milk powder 
and rat tissues, on the other hand, contained 91 to 99% in the amide 
form.*-** -22 


8 B. K. Watt, A. L, Merrill, M. h. Orr, W, Wu, and R. K. Pecot, U. S. Dept. Apr., 
Apr. Handbook 8 , (1050), 

» E. Bandier, Biochem. J. 33 . 1130 (1939). 

H. A. Waisman and C. A. Elvehjcm, The Vitamin Content of Meat. Burgess Pub- 
lishing Co., Minneapolis. 

“ Studies on the Vitamin Content of Tissues, Vols. 1 and II, Univ. Texas Pubis. 
4187 (1941); 4237 (1942). 

W. J. Dann and P. Handler, ./. Nutrition 24 , 153 (1942). 

** J. M. Mclntire, H. A. Waisman, L. M. Henderson, and C. A. Klvehjem, J. Nutri- 
tion 22 . 535 (1941). 

B. de M. Braganca, Ann. Biochcm. and Exptl. Med. {India) 4 , 41 (1944). 

L. J. Teply, F, M. Strong, and C. A. Elvehjem, J . Nutrition 23 . 417 (1942); 24 , 167 
(1942). 

*8 II, McVicar and G. H. Berryman, J , Nutrition 24, 235 (1942). 

E. I. Frazier, J. Am. Dietct. 26 , 264 (1950). 

« E. B. Brown, J. M. Thomas, and F. F. Bina, J. Biol. Chem. 162 , 221 (1946). 

** W. C. Russell , M. W. Taylor, and J. F. Beuk, J. Nutrition 26 , 275 (1943) . 

J. Robinson, N. Levitas, F. Rosen, and W. A. Perlzweig, J. Biol. Chem. 170 , 653 
(1947). 

** W. A. Krehl, J. de la Huerga, C. A. Elvehjem, and E. B. Hart, J. Biol. Chem. 166, 
53 (1946). 

** P. K. Ghaudhuri and E. Kodicck, Biochem. J. 44 , 343 (1949). 



544 


NIACIN 


The cxa(;t form in which nicotinic acid and its amide are bound in plant 
tissue is not known. Several groups of investigators^®”-" found evidence of 
an alkali-labile precursor of nicotinic acid in wheat bran. The substance 
was purified to some extent and found to have nicotinic acid activity for 
the dog. 2 ® The exact nature of this substance has never been determined, 
although the latter workers suggested that it might be a simple ester of 
nicotinic acid. Chaudhuri and Kodicek^^ obtained evidence of a precursor 
of nicotinic acid in wheat, barley, rice brans and corn.-® This precursor is 
inactive for L. arabinosus and differs from Krehl and Strong’s material in 
that it is not active in animals (rats) unless first hydrolyzed. This material 
has been purified to some extent, and the suggestion has been made that 
it may be nicotinic acid with a residual substance atta(‘hed through the 
carboxyl group. 

These findings may offer an explanation for the work of Chitre and 
Desai.®® These investigators developed an animal method for estimating 
the availability of nicotinic acid in foodstuffs. Using this mc^thod, which 
has some inaccuracies and limitations, they found that, the a\'ailability of 
nicotinic acid was only 00% in rice, 81 % in wheat, 70% in gram, 70% in 
tur, and 92% in yeast. They also showed that in vitro digestion, using en- 
zymes to simulate in vivo digestion, effected a release of nicotinir* acid to a 
degree consistent with the in vivo availability experiments. Cheldelin and 
Williams‘S® also noted the apparently incomplete^ redc'ase of nicotinic acid 
from cereals when enzyme digestion was compared to acid dig(\st,ion. 

C. SITES OF OCCURRENCE 

The distribution of nicotinic acid, and its derivatives, is not uniform 
within a given food product. In most foods of vegetable origin nicotinic 
acid tends to be concentrated in the outer (coverings. For example, wheat 
bran contained 330 y per gram, and patent flour 12 7 per gram, whereas 
the whole wheat from wdiich it was derived assaycjd 70 7 per gram;-^ pol- 
ished rice contained 0.9 7 per gram, brown rice 0.9 7 per gram, and rice 
polishings 96.6 7 per gram.^® Likewise, much of the nicotinic acid in corn 
is found in the bran and, like wReat, in the germ.®* Apple peelings contain 

23 V. H. Cheldelin and R. R. Williams, Ind. Eng. Chem. Anal. Ed. 14, 071 (1942). 

2 * J. S. Andrews, H. M. Boyd, and W. A. Gortner, Ind, Eng. Chem. Anal. Ed. 14, 663 

(1942). 

2« W. A. Krehl and F. M. Strong, J. Biol. Chem. 166, 1 (1944). 

W. A. Krehl, C. A. Elvehjem, and F. M. Strong, J. Biol. Chem. 166, 13 (1944). 

D. K. Chaudhuri and E. Kodicck, Biochem. J. 47, xxxiv (1950). 

*« E. Kodicek, Biochem. J. 48, viii (1951). 

D. K. Cliaudhuri and E. Kodicek, Nature 166, 1022 (1950) . 

3® R. G. Chitre and D. B. Desai, Ind. J. Med. Research 3, 471, 479 (1949). 
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more than twice the concentration of nicotinic acid as the rest of the apple; 
pear peelings have three times the (ioncentration of peeled pears. Similar 
findings have been recorded for plums, sweet potatoes, tomatoes, and yams. 
White potatoes seem to be an exception in that peelings and the peeled 
potato have about the same nicotinic, acid concentration.^^ In inactive bean 
seeds, the coiuientration of nicotinic acid was 40 7 per gram in the sprout, 
28 7 per gram in the cotyledons, and 7 7 per gram in the cuticle. In the 
whole bean, 96% of the nicotinic acid was in the cotyledon.*^ 

Jjittle information is available on the distribution of nicotinic acid within 
cells. E. R. Isbell and associates*® studied the distribution of several vita- 
mins between nuclei and the whole c^ell in beef heart and mouse mammary 
carcinoma cells. In beef heart the nuclei had a conc,entration of nicotinic 
acid nearly three times that of the entire cell. In mouse (jarcinoma the 
reverse was true in that the entire cell had considerably higher nicotinic 
add (concentration than the nudei. On a weight basis, three-fourths of the 
total (‘ellular ni(*ollnic add was in the (cytoplasm of these can(;er cells. In 
the lum’s egg, the whites have seven times the (*oncentration of the yolks 
(on a dry-weight basis) 

D. STABILITY IN FOOD 

Ni(*,otinic acid is one of th(^ most stable of the vitamins against the ordi- 
nary conditions md- in food processing, storage, and cooking. Some losses 
iTi cooking arc encountered, particularly where there is an opportunity for 
leaching out. Ni(^otinic acid is (juite stable in canning processes. In caimed 
foods stored 2 years and at storage temperatures up to 10 ()®F., the losses 
rarely exceed 15 There is little or no loss with frozen storage or dry 
storage,'*^ '^* Usual methods of curing and cooking result in losses of 15 to 
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20%, although with some foods and cooking methods losses as high as 
50% have been recorded.^^* The referenct^s cited are intended to be 
only representative and do not even begin to cover (H)mpletely the volumi- 
nous literature on this subject. 

E. INFLUENCE OF SOIL, ENVIRONMENT, AND HEREDITY 

Soil and its nutrients can play some role in the ni(5otinic acid coiiteiit 
of plants. McCoy and coworkers^® found that a reduction in the rnajor 
ions in their nutrient solution reduced the nicotinic a(*id content of ^ts. 
Hunt and associates®® reported that liming the soil, or adding nitrites, 
increased the nicotinic acid content of wheat. Liming decreased the nicotinic 
acid content of oats in a dry year. Gough and Lantz®^ studied eight varieties 
of beans grown in three widely different localities and found that environ- 
ment influenced nicotinic acid content. Gustafson®" found more nicotinic 
acid in tomatoes, beans, and soybeans grown at 28 to 30® than at 10 to 
15®; the reverse was true with broccoli, cabbage, spinach, clover, peas, and 
wheat. 

However, the magnitude of the effects produced by soil and environment 
seems to be much less than the influeiKje of heredity, within the limits of 
reasonable production yields. McElroy and Simonson®® found no correla- 
tion between soil type and nicotinic acid content for oats, wh(»at, and barley 
grown in three different parts of Alberta. Richey and Dawson®^ found that 
extreme differences in production practices, i e., fertilizers, green manures, 
etc., had no significant influence on the nicotinic acid content of corn, al- 
though different inbred strains of corn varied from 13.9 to 53.3 y per gram 
of nicotinic acid. Hunt et examined samples of nine corn hybrids grown 
at five different locations for 2 years. There were differences in nicotinic 
acid content for both years and at all locations. However, the variations 
were small compared to the variations in nicotinic acid content characteris- 
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tic for each hybrid. Carroll and Lee Peng®* analyzed two varieties of corn, 
four of wheat, two of oats, and two of soybeans all grown under the same 
environmental conditions and found the nicotinic acid content to be more 
characteristic of the species than the soil. Futhermore, Leng ei grew 
corn which was a cross between a high nicotinic acid sugar line (48.3 y per 
gram) and a low nicotinic acid waxy line (18.0 y per gram). From each ear 
of the resultant corn they could pick kernels which were sugary in type 
(33.8 y of nicotinic acid per gram), waxy (26.0 y per gram), and dent (21.4 
y per gram). This certainly demonstrates the predominance of heredity 
over environment in this regard. 

Different strains of corn are known to vary greatly in their nicotinic acid 
content (Table XV). Sugary corns are generally higher than starchy strains. 


TABLE XV 

Nicotinic Acid in Various Strains op Corn (from Burkholder et aL ”) 
( 7 /g. air-dried niature grain) 


Type of corn 

Number of strains 

Average nicotinic acid 

Range 

Yellow field 

94 

21.4 

11.3-36.3 

White field 

86 

20.1 

12.7-29.3 

Sweet 

46 

34.6 

18.2-62.1 

Popcorn 

7 

17.4 

7.9-21.6 


F. NICOTINIC ACID IN U. S. DIETS 

Studies made by the U. S. Department of Agriculture indicate that our 
food in 1951 supplied 24% more nicotinic acid than in the 1935-1939 
period.®* Much of this increase can be accounted for by the widespread 
enrichment of white flour, the Federal Standard for which provides a mini- 
mum of 10 mg. and a maximum of 15.0 mg. of nicotinic acid per pound.®® 
Booher and Behan®* have analyzed composite food samples representative 
of the national dietary for nicotinic acid, as well as other nutrients. Ac- 
cording to their results a 3050-calorie diet provides 20.2 mg. of nicotinic 
acid, considerably in excess of the recommended allowances of the National 
Research Council (15 mg.).®^ Earlier studies making direct analyses on foods 
representative of the national dietary in 1940 and 1941 indicated that the 
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average American diet provided about 11 mg. of nicotinic acid daily (no al- 
lowance included for enriched bread).®-* ®'* These data are in (contrast to 
the 4.25 to 10.49 mg. of nicotinic avid per day which Frazicu- and Friede- 
maiin,®^ using (loldberger’s diet re(H)rds, have calculated were consumed 
by families in vvhi(;h pellagra was prevalent. These facts, plus the virtual dis- 
appearance of pellagra, indicate that the average American diet is ade- 
quate in pellagra-preventive factors. j 

G. ANTIVITAMINS IN FOOD 

The existence of substances in food which have antinicotinic a(*id prbp- 
erties has not been proved. There are innumerable rei)()rts in the older 
literature suggesting or citing evidence for the presenc(' of pellagragenic 
factors in corn, particjularly spoiled (*orn. More recentl}'', Woolley®'^ ex- 
tracted a substance from corn which caused a pellagra-like syndrome in 
mice which could be prevented by nic.otinamidc. Borrow and assocaaU's®® 
attempted to repeat Woolley’s work but were in doubt as to whether the 
toxicity they oI)tained was due to residual chloroform in the extract. "J'he 
latter group did, however, find evidence of a pellagragenic factor for mice 
in corn bran. No further reports on this finding have appeared thus far. 
Raska®^ reported producing “pellagra” in dogs by feeding large amoujits of 
adenine and phosphate. Apparently no attempt was made to prevent or 
treat this condition with nicotinic acid. Ifcaice, there is no assurance that 
the condition was actually a nicotinic acid deficiency. Kodi(*ek et a/.®® re- 
ported that indole-3-acetic acid, which does oc(tur in corn, was pcillagragenic 
in rats. However, this claim has been denied®®'^^ and was latei* retracted.^^ 

Woolley et alJ^ found that 3-acetylpyridine was toxics in nicot;ini(^ a(;id- 
deficient dogs but, in the same dosage, harmless to normal dogs. Woolley 
later reported’'^’ that 3-acetylpyridine caused a “pellagra-like” condition 
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in mice which could be counteracted by nicotinic acid or tryptophan. These 
findings have not been confirmed. Indeed, Gaebler and BeheF® found that 
3-acetylpyridine caused large increases in urinary N^-methylnicotinamide 
excretion in dogs and rats, indi(*Rting that this compound could serve as a 
precursor of nicotinic acid. Beher ct later used an isotope tracer tech- 
nique to prove the conversion of «3~acetylpyridine to nicotinic acid. How- 
ever, Ackermann and Taylor^^® found that 3-acetylpyridine induced rapid 


TABLE XVI 

Nicotinic Acid Content of Various Organs and Tissues 
(t/k. of wet tissue) 



Man-* 

Human fetus*® 

Rat*i 

Rat** 

Pig** 

OxM 

Heart 

34 

50 

125 

114 

53 

59 

Liver 

60 

49 

180 

157 

118 

122 

Brain 

19.5 

23 

64 

47 

— 

— 

Lung 

20 

•*- 

51 

48 

— 

— 

Kidney 

40 

38 

115 

87 

68 

58 

Spleen 

26 

— 

69 

58 

40 

44 

Thyroid 

— 

25 

— - 

— 

16 

30 

Muscle, smooth 

31 


— 

— 

— 

— 

Muscle, skeletal 

42 

26 

80 

78 

47 

49 

Adrenal 

25 

— 

— 

— 


57 

Stomach 

22 

33 

— 

— 

— • 

— 

Ileum 

21 

31 

— 

— 

— 

— 

Colon, mucosa 

16 

— 

— 

— 

— 

— ■ 

Ovary 

18 

— 

— 

— 

38 

— 

Testes seminiferous 
tubules 

16 




47 

" 

Seminal ducts 

8,2 

— 

— 

— 

— 

— 

Skin 

8.6 

20 

— 

*— 

— 

— 

Cartilage 

— 

9.7 

— 

— 

— 

— 

Bone 

— 

13.0 

— 

— 

— 

— 


death in embryonating eggs, an effect competitively reversed by nicotin- 
amide but much less successfully reversed with nicotinic acid or trypto- 
phan. Hull et aV^ reported that 3-acetylpyridine and pyridine-3-sulfonic 
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acid produced deleterious effects in embryonic chick heart cultures, but 
nicotinic acid would not reverse this effect. Available evidence seems to 
support the view that 3-acetylpyridine is a nicotinic acid antagonist under 
certain conditions. However, animals (rat and dog at least) possess the 
ability to convert this compound to nicotinic acid. If the antagonist is 
administered in doses large enough to exceed the animaPs capacity to con- 
vert it to nicotinic acid, then it acts as an antagonist. If given in lower doses 
it does not act as an antagonist but will actually substitute for nicotinic 
acid. There is no evidence that either 3-acetylpyridine or pyridine-3-sulfibnic 
acid occurs in food. 

H. OCCURRENCE IN VARIOUS TISSUES 

The data in Table XVI are presented to give a picture of the relative 
distribution of nicotinic acid in various mammalian tissues and organs. 
The data are not necessarily exactly comparable from one species to an- 
other, because different analytical methods were used. Gounellc and associ- 
ates®^ found considerably higher values for normal human liver (150 7 per 
gram) than that reported by Taylor et alP (Table XVI). 


X. Effects of Deficiency 

A. IN MICROORGANISMS 
E. E. SNELL 

Subsequent to the discovery of diphospho- and triphosphopyridine nu- 
cleotides and the demonstration that these nicotinamide-containing coen- 
Z 3 nDaes were identical with the long-kno^\^l factor V required for growth of 
Hemophilus influenza^ nicotinic acid itself was shown to be an essential 
growth factor for Staphylococcus aureus^ and for Corynebactsrium diph- 
theriae? Since then, it has been shown to be essential for a great variety of 
other bacteria (e.g,, Proteus vulgaris^ Acetobacter, all lactobacilli so far 
examined, Clostridium tetani, and others®* **), and for some yeasts.®* ® Natu- 
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ral populations of fungi other than yeast that require nicotinic acid have 
not been observed; however, mutant cultures of Neurospora crassa that 
require it are readily obtained.^ All organisms that do not require it pre- 
formed in the medium appear to synthesize it; many intermediates in the 
route of this synthesis, which proceeds from tryptophan to niacin through 
a series of intermediates, were first indicated by use of mutant cultures of 
N. crassa? 

In all cultures that require a source of nicotinic acid (or its amide) in 
the medium, a deficiency in supply is reflected in decreased growth of the 
culture. Concomitant with such decreased growth there is, of course, a de- 
creased production of the metabolic end products of the particular culture 
(e.g., lactic acid production by lactic acid bacteria). Microbiological assays 
for the vitamin depend upon these effects.® Aside from these over-all effects 
upon growth, no effects of nicotinic acid deficiency upon specific phases of 
metabolism of microorganisms have been reported. Because of the role of 
the nicotinamide-coenzymes in metabolism, one might expect the ability 
of resting cells to carry out certain dehydrogenation reactions to be im- 
paired by deficiency of nicotinic acid. Few studies of a sufficiently quantita- 
tive character to detect such alterations have been made. Hughes, however, 
reported that in a nicotinic acid-low medium, L. arabinosus synthesized 
DPN at a considerably higher rate (24 m^u moles per milligram of cells per 
hour) than was true in the presence of an excess of nicotinic acid (3 m^ 
moles per milligram per hour).® 

B. IN MAN AND ANIMALS 
J. M. HUNDLEY 

1. Relation of Biochemical Functions of Nicotinic Acid to 
Deficiency States 

A dietary deficiency of nicotinic acid produces deficiency states by virtue 
of the fact that nicotinamide is an essential component of coenzymes I 
and II. These coenzymes are required for normal metabolism, indeed, for 
life itself. If the dietary supply of nicotinic acid is insufficient and the 
organism is unable to synthesize sufficient amounts of the vitamin (see 
Section VI), normal metabolism becomes impossible, a deficiency state 
develops, and the organism eventually dies, if the deficiency is sufficiently 
severe. 

A great mas® of precise information is available on the many biochemical 

’ G. W. Beadle, H. K. Mitchell, and J. F. Nyc, Proc. NatL Acad, ScL U, S, 88, 155 
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reactions which are catalyzed by these coenzymes. The chemistry of the 
reactions and the manner in whic.h the coenzymes function are known. Yet 
with all this precise information, it is still impossible to offer any (H)mpre- 
hensive explanation for the origin of many of the characteristic, patliological 
manifestations of human nicotinic acid deficiency such as dermatitis, skin 
sensitivity to solar radiation, glossitis, atrophy of tongue papillae, and 
mental abnormalities. An extensive field, still largely unexplored, exists in 
which the biochemical reactions catalyzed by these c^oenzymes must be 
integrated into the normal physiology and biochemistry of the intact Ani- 
mal. This will be necessary before any real picture of the specific? effects of 
malfunction of the enzyme systems can be drawn. Such will be a difficult 
task, but until it is done our explanations for the manifestations of nicotinic 
acid deficiency will be mostly educated guesswork bas(»d on reasoning 
rather than demonstrated facets. 

2. The Deficiency State 

Only two mammalian species, man and dog, develop nicotinic! acid defi- 
ciency states which are characteristic and whi(*h (*an be readily differen- 
tiated by their external manifestations from other vitamin defi(*iencies and 
other diseases. The four D^s of pellagra in man, dermatitis, diarrhea, 
delirium, and death, form a characteristic picture which is readily diagnosed 
by an experienced clhiician. Milder and atypical syndromes arc frequently 
observed. Many excellent clinical descriptions of pellagra have be^en pub- 
lished and need not be repeated here.^® Pellagra has been produced experi- 
mentally in man on two occasions. The original dernonstratioji of the 
nutritional etiology of pellagra by Goldberger and associates in 1915“'^^ is 
a classic and well-known story in nutrition. Their work represented the 
first experimental production of pellagra in man and clearly demonstraU^d 
the role of diet in the origin and prevention of the disease. It is of more 
than passing interest, in view of the recently demonstrated tryptophan- 
nicotinic acid relationship, that Goldl)erger suspected that an amino acid 

T. D. Spies in Clinical Nutrition, p. 531 . Paul B. lloeber, New York, 1950. 
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deficiency, as well as a vitamin deficiency, was involved in the etiology of 
pellagra. He singled out cystine and tryptophan as the probable culprits 
and with W. F. Tanner conducted therapeutic trials in three patients.^® 
The results were cautiously evaluated as a marked improvement in the 
dermal lesions of two patients given cystine and a steady gain in weight 
with some improvement in diarrhea when both cystine and tryptophan 
were administered to the third patient. Apparently, tests with tryptophan 
alone were conduc^ted but they were never reported. The author of this 
review is in possession of a copy of a progress report to Goldberger from 
Tanner, dated August 5, 1921, which has never been publicly reported. In 
it, Tanner relates the (*ourse of one pellagrous patient who was given “one- 
half dram” of tryptophan before ea(*h meal. There was no improvement in 
the diarrhea at the time of the report, but prompt and marked improvement 
in the patient^s extensive dermatitis was noted. After describing the progress 
of the skin lesions, Tanner stated: “I might add that the improvement in 
this patient’s skin condition has surpassed anything I have ever seen in a 
case of pellagra in an equal period of time.” There is no record of the final 
result. 

The second instance of the production of pellagra in man by dietary 
means was recently described by Goldsmith ct al}^ These experiments are 
of special interest, sin(‘e the importance of tryptophan was realized and 
both the tryptophan and nicotinic acid intakes were (controlled. These 
workers also provided supplementary vitamins such as riboflavin and folic 
acid, ft has long beem a debatable issue as to the extent to which the 
pellagra syndrome, as commonly seen clini(»ally, may be modified by con- 
comitant deficiencies of other vitamins. It is, therefore, of interest that 
essentially typical pellagrous lesions appeared in spite of added vitamins 
(not' including nicolinic acid). These workers were also able to cure pellagra 
with tryptophan, a <*lear demonstration of the ability of this amino acid 
to (‘lire pellagra in man.^®'^ Other interesting aspects of these investigations 
are disemssed in later sections. 

Dogs also develop a very (diaracteristic reaction to nicotinic acid defi- 
ciency, the so-(‘alled blacktongue. The severe oral lesions, drooling of 
saliva, the very foul and characteristic oral odor, diarrhea, often bloody, 
the emaciated appearance, and the complete lack of appetite for food and 
water form a typical picture. This syndrome is described in detail in Sec- 
tion XI. 
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In all other species, except possibly the cat (p, 570), a deficiency of 
nicotinic acid is manifested by the same signs and symptoms as can be 
produced by many other deficiencies. Actually, there are only six deficiency 
phenomena which can be found in all species susceptible to the deficiency. 
These are: (1) reduced growth in young animals, (2) weight loss in either 
young or adult animals if the deficiency is severe, (3) loss of appetite, (4) 
reduced concentration of nicotinic acid and coenzymes I and II in iome 
but not all tissues, (5) reduced excretion of nicotinic acid and its derivatives 
in the urine, and (6) death, if the deficiency is severe or long continued. 
Difficulties in reproduction and lactation could probably be added to ^his 
list, but these subjects have received little attention. All these phenomena, 
except possibly the reduced tissue and urine levels, can be produced by 
other deficiencies. 

The general signs and symptoms and the pathology observed in various 
species is described in Section XI. The discussion in this section will deal 
with some of the physiological and biochemical defects which have been 
reported in various species as well as some of the interesting and fairly 
characteristic defects which are seen in human pellagra. 

3. Nicotinic Acid and Coenzyme Tissue Levels 

Nicotinic acid-deficient chicks, 2 ®’ 21 dogs, 22 -24 pigs, 23 * 24 |•ats,2•^'29 rabbits,’® 
and men’^ exhibit a low^ered concentration of nicotinic acid (and nicotinic 
acid-containing coenzymes) in tissues such as liver, muscle, and, in some 
species, brain. Other tissues such as red blood cells, heart, lung, spleen, and 
Mdney may maintain normal concentrations. 22 ‘ 26 . 31-34 xhe level of nicotinic 

2® E. G. Anderson, L. J. Teply, and C. A. Elvehjem, Arch. Biochem. 3 , 357 (1944), 

G. M. Briggs, Jr., T. D. Luckey, L. J. Teply, C. A. Elvehjem, and E. B. Hart, 
J. BioL Chem. 148 , 517 (1943). 

*2 H. I. Kohn, J. R, Klein, and W. J. Dann, Biochem. J. 33 , 1432 (1939). 

2 * A. E. Axelrod, R. J. Madden, and C. A. Elvehjem, J. Biol, Chem. 181 , 85 (1939). 
2^ A. E, Axelrod and C. A. Elvehjem, Nature 143 , 282 (1939). 

2® S. A. Singal, V. P. Sydenstricker, and J. M. Littlejohn, J. Biol. Chem. 176 , 1069 
(1948). 

2® J. M. Hundley, J. Nutrition 34 , 253 (1947). 

22 J. N. Williams, Jr., P. Feigelson, and C. A. Elvehjem, J. Biol. Chem. 187 , 597 
(1950). 

2® J. M. Hundley, J. Biol. Chem. 181, 1 (1949). 

*®S. A. Singal, V. P. Sydenstricker, and J. M. Littlejohn, J. Biol. Chem. 171 , 203 
(1947); 176 , 1063 (1948). 

•® J. G. Wooley, Proc. Soc. Exptl. Biol. Med, 65 , 315 (1947). 

2 * H. Gounelle, Y. Raoul, A. Vallette, and J. Marche, Bull. m^m. soc. m^d. hdp. 
Paris 21, 1225 (1945). 

2* A. E. Axelrod, T. D. Spies, and C. A, Elvehjem, J. Biol. Chem. 138 , 667 (1941). 

2® A. E. Axelrod, E, S. Gordon, and C. A, Elvehjem, Am. J. Med. Sci. 199, 697 (1940). 

H. I. Chu, P. T. Kuo, and K. P. Chang, Chinese Med. J. 61, 181 (1942). 
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acid (or coenzymes) in liver and muscle shows a much better correlation 
with the degree of nicotinic acid deficiency than most other tissues. There 
seems to be little or no correlation between nicotinic acid levels in blood 
and the deficiency. Furthermore, blood nicotinic acid may be depressed in 
several pathological states other than nicotinic acid deficiency.*^ * **'*^ The 
degree of depression in coenzyme levels in tissues such as liver and muscle 
from deficient animals has varied greatly in different studies. In dogs with 
acute blacktongue Kohn et found coenzyme levels 70 % below normal 
in liver and 35 % below normal in striated muscle. Paradoxically, the liver, 
which showed a decreased coenzyme level, exhibited an increase of 35 % in 
O 2 consumption, whereas kidney which showed no lowering of coenz 3 anes 
showed a 50% decrease in lactate oxidation. More recent studies by Wil- 
liams and Elvehjem*® with rat liver homogenates from deficient animals 
have shown a low endogenous respiratory rate which could be restored to 
normal by the addition of coenzyme I in vitro. Other studies** in rats have 
shown that survival and some growth is possible in animals having a con- 
centration of nicotinic acid 70 % of normal in liver and 50 % of normal in 
muscle. The type of carbohydrate in the diet appeared to influence growth 
and survival in animals having these lowered nicotinic acid tissue levels. 
Glucose and carbohydrates containing glucose exerted a favorable effect, 
but fructose and sucrose had the opposite effect.** 

Factors other than nicotinic acid deficiency have been reported to lower 
nicotinic acid tissue levels. Although simple starvation does not have this 
effect,** a protein-free diet,^** a low protein diet,^* and a vitamin B-free 
ration^* do have this effect in rats. Deficiencies of thiamine and riboflavin 
also have been reported to lower liver nicotinic acid.^* Cobalt deficiency 
has been reported to lower blood nicotinic acid in sheep.^® 

Administration of nicotinic acid or tryptophan to deficient or normal sub- 
jects results in a rise in blood and tissue nicotinic acid sometimes, especially 

** H. I. Kohn, F. Bernheim, and A, V. Felsovanyi, J. Clin. Invest. 18, 585 (1939). 

»» S. P. Vilter, M. B. Koch, and T. D. Spies, J. Lab. Clin. Med. 26, 31 (1940). 

” C. W. Carter and J. II. P. O’Brien, Quart. J. Med. [N. S.] 14, 197 (1945). 

« J. N. Williams, Jr., and C. A. Elvehjem, J. Biol. Chem. 188, 539 (1950). 

** B. C. Flinn, F. J. Pilgrim, H. S. Gregg, and A. E. Axelrod, Proc. Soc. Ezptl. Biol. 

Med. 68 , 523 (1946). 

J. N. Williams, Jr., P. Feigelson, C. A. Elvehjem, and S. S. Shahinian, J . Biol, 

Chem. 189 , 659 (1951). 

S. Seifter, D. M. Harkness, L. Rubin, and E. Muntwyler, J. Biol. Chem. 176 , 1371 

(1948). 

« L. D. Wright and H. R. Skeggs, Proc. Soc. Exptl. Biol. Med. 63 , 327 (1946). 

H. von Euler, F. Schlenk, L. Melzer, and B. Hfigberg, Hoppe-Seyler^s Z. physiol. 

Chem. 258 , 219 (1939). 

** K. Bhagvat and P. Devi, Biochem. J. 45, 32 (1949). 

** Y. Raoul, Bull. soc. chim. biol. 27 , 371 (1945). 

*• S. N. Ray, W. C. Weir, A, L. Pope, and P. H. Phillips, J. Nutrition 84, 595 (1947). 
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in non-deficient subje(*.ts, to levels temporarily above normal.^®- 3°* 
Wooley®® found that tryptophan was less elTeiitivc than nic^otinic acid in 
increasing the nicotinic acid level in skeletal miisck^ of deficient rabbits, 
although both substaiu'os were ecpially effective in increasing the liver 
nicotinic acid level and in alleviating deficiency symptoms. On the other 
hand Williams o.t alP found that nicotinic acid was less elTec.tive than tryp- 
tophan in maintaining levels of coenzyme I and II in the liver of rats. This 
seemed to be particularly true when protein-free rations were fed.^® ifow- 
ever, in later studies Feigelson et alP^ found that nic(jtinic acid and trypto- 
phan were equally effetjtive, on an eciuimolecular basis, as precursors for 
liver pyridine nucleotides, except that administration of tryptophan at 
levels considerably in excess of requirements seemed to increase liver pyri- 
dine niKdeotides above “normal.’^ This effect was not observed with nico- 
tinic acid. 

4. Urinary Excretion of Nicotinic Acid and Other Substances 
a. Urinary Pigments 

For the first two or three years following the dis(‘Overy of iiic^otinic acid 
as the pellagra-preventive vitamin, interest, in using urine for diagnostic 
purposes (^entered about the excretion of porphyrin and other pigments. 
Beckh, Ellinger, and Spies^** devised a test (the B.E.S. test.) which they 
believed to measure urinary porphyrin and whi(‘h seemed to have a diag- 
nostic relationship to pellagra. However, further investigations by Watson 
and associates^®*®- showc'd that the B.E.S. test measured urorosein, whi(*h 

I. G. Lector and J\ Handler, J. Biol. Chem. 189, 889 (1951). 

« C. L. Hoagland, S. M, Ward, and It. K. Shank, J. HioL Chem. 161, 3G9 (1943). 

E. Leifer, J. R. Ilogiiess, L. J. Roth, and W. Langham, Am. Chem. Soc. 70, 2908 
(1948). 

®®L. J. Roth, E. Leifer, J. R. Hogness, and W. H. Langham, J. Biol. Chem. 176, 
249 (1948). 

A. Bonsignore and L. Bevilficqua, Bull. soc. ital. biol. sper. 23, 1219 (1947). 

W. J. Dann and H, I. Kohn, J. Biol. Chem. 136, 435 (1940). 

C. Ling, D. M. Hegsted, and F. J. Stare, J. Biol. Chem. 174, 803 (1948). 

H. I. Kohn, Biochem. J. 32, 2075 (1938), 
w H. I. Kohn and J. R. Klein, J. Biol. Chem. 130, 1 (1939). 

A. Bonsignore and C. Ricci, Boll. soc. ital. biol. sper. 24, 171 (1948). 

M. Duncan and H. P. Sarett, J. Biol. Chem. 193, 317 (1951). 

*7“ P. Feigelson, J. N. Williams, Jr., and C. A. Klvchjem, J . Biol. Chem. 193, 73< 
(1961). 

M W. Beckh, P. Ellinger, and T. D. Spies, Quart. J. Med. IN. S.] 6, 305 (1937). 

** C. J. Watson, Proc. Soc. Exptl. Biol. Med. 39, 514 (1938) ; 41, 591 (1939). 

C. J. Watson and J. A. Layne, Ann. Internal Med. 19, 183 (1943). 

J. A. Layne and C. J. Watson, Ann. Internal Med. 19, 200 (1943), 

•®S. Schwartz, J. F. Marvin, J. A. Layne, and C. J. Watson, Ann. Internal Med. 
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is a normal constituent of many urines. No relation between urorosein 
excretion and nicotinic acdd malnutrition could be observed. Furthermore, 
results of the B.E.S. test could not be correlated with the amount of 
urinary porphyrin, and the ex(jretion of porphyrin had no constant relation 
to nicotinic acid deficiency. A red pigment which was observed in urine 
from patients with pellagra and from dogs with blacktongue was identified 
as a mixture of several related pigments similar to but not idej)tical with 
synthetic indirubin. These pigments were found in normal animals as well 
as in those with nicotinic^ acid deficiency. Thus, it seems clear that these 
urinary pigments have no special relationship to nicotinic; acid deficiency. 

fc. Urinary Fluorescent Substances 

In 1940 Najjar and Wood®** noted a substance in urine w^hich gave a 
bluish fluoresc'cnce with ultraviolet light, the concentration of wiiic;h seemed 
to be increasc^d w’hen nicotinic acid w^as administered. Shortly thereafter 
Najjar ct noted that this substanc;e (Fi>) seemed to be absent in the 

urine of patients with i)ellagra and of dogs with blacktongue. They also 
notcnl another fluorescent substance (Fi) in the urine of patients with 
pellagra and of dogs with l)lac*ktonguc wiiicii they did not find in normal 
urine. These investigators suggesi.ed that measurement of Fi and F 2 in 
urine w'ould be a useful diagnostic tool in pellagra. Later, Field and asso- 
ciates,®® Perlzwcig ei a/.®" Raoul,®^ and Ellinger and Coulson®® noted similar 
fluorescent substances in urine. The latter w'orkers found that N^-methyl- 
nicotinamide (nic;otinamide methochloride) gave a reaction similar to F 2 
in urine. In 1943 IIufT and Perlzvveig^® isolated F 2 from urine and identified 
it as N^-methylnicotinamicle. Considerable controversy developed as to 
w’^hether the substance they isolated w^as identical with In any event, 

it is nenv wtII established that N*-methylnicotinamidc is one of the principal 

V. A. Najjar and R. \V, Wood, Proc. Soc. Exptl. BioL Med, 44, 386 (1940). 

« V. A. Najjar and 1.. E. Holt, Jr., Science 93, 20 (1941). 

V. A. Najjar, H. J. Stein, L. K. Holt, Jr., and C. A. Kahler, J, Clin. Invest. 21, 

263 (1942). 

®®H. Field, Jr., D. Mclnick, W, D. Robinson, and C. F. Wilkinson, Jr., J. Clin. 

Invest. 20, 379 (1941). 

W. A. Perlzweig, II. P. Sarett, and L, H. Margolis, J. Am. Med. Assoc. 118, 28 

(1942). 

y. Raoul, Bull. soc. chim. bioL 26, 266, 271, 279 (1943). 
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J. W. HulT and W. A. Perlzweig, J. Biol. Chem. 150, 395 (1943). 

J. W. Huff and W. A. IVrlzwc'ig, Science 97, 538 (1943); 100, 28 (1944). 

J. W. Huff, J. BioL Chem. 167, 151 (1947). 
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urinary nicotinic acid excretion products and that it reflects the state of 
nicotinic acid nourishment to some extent. Fi has never been identified 
nor has it been studied in recent years. 

c. Nicotinic Add and Its Derivatives in Urine 

It is now known that there are a number of forms in which nicotinic 
acid is excreted (Fig. 11) and that different species vary markedly!' as to 
which derivatives predominate in their urine (Tables IX and X). lA man, 
the principal derivatives are N^-methylnicotinamide and the 6-pyridone 
of N^-methylnicotinamide. The dog, however, excretes none of the latter 



2,5-Dinicotinylornithine 
(birds only) 

Fia. 11. Derivatives of nicotinic acid found in urine. The symbol (O) refers to 
steps which have been proved by means of isotope tracer techniques. 


compound. There have been innumerable studies of the urinary excretion 
of one or more of these nicotinic acid derivatives in relation to nicotinic 
acid deficiency or nicotinic acid intake. Some of the early studies were 
complicated, intentionally or unintentionally, by the fact that the assay 
methods measured trigonelline as well as nicotinic acid derivatives. It is 
now known that trigonelline is not a product of nicotinic acid metabolism 
in mammals. 

In man, dog, and rat, the most studied species, it seems clear that urinary 
N*-methylnicotmamide and the 6-pyridone of this compound (in man) re- 
flect the amount of nicotinic acid avmlable to the host. It also seems clear, 
especially from the recent carefully controlled studies of Goldsmith and 
her associates,'* that the finding of low or even zero amounts of these 
nicotinic acid metabolites in urine does not necessarily mean that the 
patient is actually suffering from pellagra. This is true, since the excretion 
these substances drops rapidly to a low and constant level soon after 
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nicotinic acid restriction is instituted and considerably before any symp- 
toms of the deficiency become evident. This finding might be anticipated 
from animal studies and in view of the fact that the tissues would undoubt- 
edly attempt to conserve all available nicotinic acid if the supply were 
limited, hence leaving little available for excretion. 

It should be mentioned that there are several published reports which 
have failed to find any significant correlation between nicotinic acid intake 
and excretion of nicotinic acid metabolites and hence are in seeming contra- 
diction to the conclusions stated above.^^"^® It is obvious, however, that if 
the dietary circumstances are such that appreciable and undeterminable 
amounts of nicotinic acid are synthesized from tryptophan, or possibly by 
intestinal microorganisms or from any other source, then it would be almost 
impossible to establish any correlation of intake to excretion or to the state 
of nicotinic acid nourishment of the tissues. As pointed out by Ellinger 
and Coulson’^ the urinary excretion of nicotinic acid derivatives is influ- 
enced by the intake, the need in the body, the amount of methyl donors, 
the eflBciency of the methylating mechanisms, the amount of biosynthesis, 
and other factors. 

Consequently, it is not surprising that most studies in which an attempt 
has been made to determine nutritional status with respect to nicotinic 
acid by determining the amount of urinary nicotinic acid derivatives have 
encountered mu(‘h variability and overlapping of results between normal 
and presumably deficient groups.'^®'^'* Studies in animals, where the dietary 
and environmental circumstances can be controlled, have given much more 
consistent results.^®* 2*’ 


d. Load Tests 

Attempts have been made to increase the sensitivity and diagnostic use- 
fulness of urinary excretion by employing the “load'* principle. The theory 

P, Ellinger and R. A. Coulson, Biochem. J, 38, 265 (1944). 

V. A. Najjar, L. E. Holt, Jr,, G. A. Johns, G. C. Mediary, and G. Fleischmann, 
Proc, Soc. Exptl. BioL Med. 61, 371 (1946). 
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0. Mickelsen and L. L. Erickson, Proc. Soc. Exptl. Biol. Med. 68, 33 (1945). 

G. A. Goldsmith, Arch. Internal Med. 73, 410 (1944). 
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of this test is simple. If an organism is sufFering from nicotinic; acid defi- 
ciency, its tissues are deplet(;d of the vitamin and urinary excretion should 
be low. A standard dose of nicotinic acid (usually as the amide) should 
then go principally to replete the tissue stores; loss should be excreted in 
the urine than when the same amount is given to individuals whose tissues 
are already normally saturated with the vitamin. This test undoubtedly 
has some usefulness, but interpretation of individual testiS is often difficult. 
It has been useful as a research tool.^®* 75, 77. 79. so. S2, 86 . 87 b ])Qges of pO to 
500 mg. of nicotinamide and urine collection periods of 2 to 24 hours Viave 
been recommended. Inhere seems to be no agreement on any ‘‘standard’’ 
technique for doing the test. 

5. Stomach 

About 60% of pellagrins have histamine-resistant a(;hlorhydria.^^' A 
return of normal gastric secretion frequently follows therapy with nico- 
tinamide. It is of interest that one of the human subjects in whom (Gold- 
smith and associates^® induced pellagra developed a histamine-resistant 
achlorhydria with return of acid secretion following tlu‘rapy. Another pa- 
tient developed a slight reduction in gastric acidity. It has also been re- 
ported that swine on a (Goldberger type of blacktongue-producing diet 
develop achlorhydria, although nicotinic* acid-deficient dogs^® and rats®® 
show essentially normal gastric secretion. It is also well known that nico- 
tinic acid and the amide are capable of stimulating gastric; secretion in 
normal individuals as well as in patients with pellagra (p. 575). The a(;id- 
secreting (oxyntie) cells of the stomach are known to have a very high 
concentration of coenzyme I (DPN) (see Table VH). 

These facts have led to considerable specnilation that DPN and TPN 
may play a vital role in the mechanism by which gastric hydrochloric a(;id 
is secreted. Patterson and Stetten®^ have evolved a theory, and supported 
it with some experimental evidence, that DPN is an e^sseiitial (‘omponent 
of a stratified sequence of enzyme systems which transport the hydrogen 
necessary for gastric hydrochloric acid productioii. Hawk and Hundley®® 
were unable to obtain supporting evidence in nicotinic acid-deficient rais, 
but these experiments certainly do not rule out the possibility of such a 
mechanism. 
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These and other facts have led some observers to speculate that the 
stomach may have a special relationship to the etiology of pellagra. 
Sydenstri(*ker and associates®^ treated six (‘ases of pellagra with gastric 
juice from normal individuals and obtained very favorable results. These 
investigators proposed that there was an ‘‘intrinsic factor’^ produced in the 
stomach of normal individuals but absent in pellagrins which was essential 
in curing pellagra, as well as an “extrinsic factor’’ presemt in food which 
was also required. Diaz- Rubio and Lorente®'* treated thirty-six cases of 
pellagra with gastric juice from imrmal individuals and failed to obtain 
very dramatic results (nine of the thirty-six died). They did note an im- 
provement in diarrhea in a few' patients and a striking improvement in the 
neurological symptoms of many patients. The medical literature has lieeii 
singularly free of any reference to an “intrinsic factor” in pellagra since the 
discovery that nicotinic* acid w'as the pellagra-preventive vitamin. 

0. Heart 

Nic*otini(* acid deficiency is not known to scilectively damage the heart, 
such as occurs frec|ucntly in beriberi. Pathological studies have shown no 
gross and only minor microscopic lesions. There is no reason to believe 
that the biochemical defects present in this d(hciem*y aflect the heart any 
more or less than any other organ. Yet, several independent studies of 
human pellagra liave shown a very high incudenc*e of abnormal electrocardio- 
grams. These defec'ts were mainly of the myocardial type rather than 
conduction defec*ts. Invertcnl Ti and/or Tn, Pardee-type S-T intervals, 
notched or low -voltage ventricular c'omplexes, and other defects w ere noted. 
Most of these abnonnalities disappeared promptly following therapy with 
nicotinic acid.®^'®^ 


7. Brain 

Mail is apparently uniciim among mammals in that no other species 
develops such a striking and profound mental disturbance in nicotinic acid 
deficiency as occurs freciuent.ly in man. Deficient animals customarily de- 
velop apathy and other mild disturbances which might be referable to the 
central nervous system. Pathological lesions have been observed in the 
spinal cord of nicotinic acid-deficient dogs (p. 500). The hind limb paralysis 
and acute collapse syndrome sometimes seen in dogs on Goldberger-type 

V. P. Sydeiistrickcr and J. W. Thuinas, Soniherv Med. J. 30, 14 (1937). 
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blacktongue-producing rations is due to riboflavin deficiency rather than 
nicotinic acid. Man, however, frequently develops a marked “encephalop- 
athy”®* with irritability, insomnia, headaches, dizziness, tremor, jerky 
movements, and rigidity of the body. Altered tendon reflexes, numbness, 
and later paralysis of the extremities may develop. Insanity may occur if 
the patients are not treated.^® Alcoholism, with its mental disturbances, 
and concomitant thiamine deficiency, with its effect on the nervous sykem, 
frequently complicates the picture. I 

DPN and TPN are known to be required for the biochemical reacljions 
by which the brain obtains energy from fuels such as fructose. It is ea^ to 
imagine that a deficiency of these vital (ioenzymes could impede essential 
biochemical reactions and permit the accumulation of metabolites such as 
lactic acid which could cause some of these mental symptoms. However, 
this is speculation and not experimental fact. Actually, no adequate bio- 
chemical explanation can be offered for the occurrence of these striking 
mental abnormalities. 


8. Skin 

One of the most puzzling lesions in human pellagra is the rather typical 
dermatitis and the pigmentation which usually accompanies it. Man, again, 
is unique, since these lesions are not seen in deficient animals. It has long 
been known that the dermatitis occurs principally on those parts of the 
body normally exposed to the sun and that sunlight frequently precipi- 
tates the lesions. The suggestion has been made repeatedly that the photo- 
sensitive skin of pellagrins may be due to a disturbance in porphyrin 
metabolism.**’ This has never been proved (p. 556). Alcoholic pel- 
lagrins do appear to show an increased amount of coproporphyrin III iti 
their urine and stools, but this does not seem to be specifically related to 
nicotinic acid.*®- 

Again, no adequate biochemical explanation can be offered for these 
interesting phenomena. 
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114, 307 (1940). 

•• U. Bassi, Clin. med. ital. 66, 241 (1934). 

100 Ellinger and F, Dojmi, Chemistry & Industry 64, 507 (1936). 

M. Massa, Riforma med. tt, 1669 (1932). 

T. D. Spies, Y. Sasaki, and E. S. Gross, Southern Med, J. 31, 483 (1938). 

K. Dobriner, W. H. Strain, and S. A. Localio, Proc. Soc. Exptl, Biol. Med. 38, 

748 (1938). 

R. Kark and A. P. Meikeljohn, Am. J. Med. Set. 201, 380 (1941). 

L. A. Rosenblum and N. Jolliffe, Am. J. Med. Sci. 199, 853 (1940). 



X. EFFECTS OF DEPICIENCT 


563 


9. Eyes 

Hubbard and Wald*®® have shown that DPN is necessary for the con- 
version of vitamin Ai to rhodopsin, a process essential to vision. In this 
instance, a ready-made biochemical explanation is available for a defect 
which has not been noted in either human or animal nicotinic acid de- 
ficiency. 

Simonelli*®^ found that (tat-aractous lens (produced by massage) in rabbits 
have a nicotinic acid concentration one-fifth to one-half of normal. The 
same was tme for cataracts induced by naphthalene. The conc^entration of 
nicotinic acid in the (;rystalline lens from two humans with cataract seemed 
to be slightly reduced. Pike*®® found that nicotinic acid had an effect in 
preventing congenital cataract in rats. The effect seemed to be due to the 
‘‘sparing” effect of nicotinic acid on tryptophan. Large amounts of nicotinic 
acid were ineffective if dietary tryptophan was too low. Cataract from 
tryptophan deficiein^y is well known. 


10. Blood 


Anemia is an almost constant finding in human pellagra. It is generally 
mild and may be macrocytic or normocytic hypochromic in type. The white 
cell count is generally normal.®® There is no certainty that this anemia is 
due specifically to nicotinic acid deficiency. It does generally improve fol- 
lowing nicotinic acid therapy, but most often other B vitamins, yeast, or 
wheat germ as well as a generous diet are used in therapy. This could 
provide adequate amounts of other vitamins, such as folic acid, which 
may be more directly concerned in the anemia. Cbmplicating deficiencies 
of vitamins other than nicotinic acid almost certainly were present in some 
of the early experiments showing that dogs and swine on Goldberger diets 
developed anemia as well as leucopenia and granulocytopenia.*®®*^*^ How- 
ever, later studies in swine, where complicating deficiencies were minimized, 
revealed a normocytic anemia.**® Wooley®® found a mild anemia, leucopenia, 
and granulocytopenia in nicotinic acid-deficient rabbits which responded 
to therapy with either nicotinic acid or tryptophan. Rats and dogs do not 
usually develop anemia in nicotinic acid deficiency on diets otherwise com- 
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plete in known growth faotors.^^^- However, Handler and associates have 
shown that, if the life of their dogs was prolonged beyond the stage of 
blacktongue by parenteral saline therapy, then a macrocytic or normo- 
cytic anemia and leucopenia developed."® **** These abnormalities would 
respond to nicotinic acid even though the food intake was restricted during 
therapy. This subject has been very carefully reviewed by Handler,**® It 
should also be noted that nicotinic* acdd-deficient dogs are much [more 
susceptible to the hemolytic effect of indole than are normal dogs.F®* *2* 
These results seem to indicate that nicotinic ac^id is necessary for the 
formation of red and white blood cells but that this can be demonsti^ted 
only if proper (jonditions are found. It should bo noted that none of (IV)ld- 
smith's experimental pellagra patients developed an anemia which could 
be attributed to nicotinic acid deficiency.*® 

There seems to be nothing characteristics about other c*onslituent.s of 
blood such as sugar, non-protein nitrogen, and lactate-pyruvate ratios in 
human pellagra.*® - *22* 123 


11. Miscellaneous 


а. Nitrogen Balance 

Very few data are available on thci subject. The patients of (loldsmith 
et aZ.*® maintained positive nitrogen balance. Manc*ini and Fabriani*^^ stud- 
ied three cases of pellagra and noted a positive balan(*e in each. One patient 
treated with nicotinic ac*id showed an improved nitrogc^n retention after 
therapy. Sure and associates*^® used a paired-feeding tc'chnicjiie to show 
that nicotinic acid had^a “specific” effect in improving food utilization. 

б . Pregnancy and Lactation 

Lojkin et found that pregnant women, as well as pregnant rats, 
showed a progressive tendency to excrete more urinary nic*c)tinic ac*id de- 

W. A. Krehl, P. S. Sarma, L, J. Tcply, and C. A. Klvehjem, ./, Nutniion 31, S5 
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rivatives as pregnancy progressed. During the last month of pregnancy 
women excTeted consideral^ly more of these derivatives in the urine than 
they ingested. Coryell and associates'-^ studied nicotinic acid intake in 
relation to the nicjotinic acdd content of human milk at various intervals 
postpartum. Nicotinic acid in the milk increased from the first to the tenth 
day postpartum. During mature milk production, about 7 % of daily nico- 
tinic acid intake appeared in the milk and 3 % in the urine. 

c. Corn and Alcohol in the Etiology of Pellagra 

The (consumption of maize and the excessive consumption of alcohol are 
the two outstanding factors known to show a positive correlation with the 
incidence of pellagra. The role of maize in pellagra has been covered very 
competently in two recent reviews, one by Handler^^® and one by Chick.^^s 
This subject has also been considered in other sections of this chapter 
(p. 548), 

Pellagra is known to be frequent in alcoholics. The effecd. of alcohol seems 
to be only that it inhibits consumption of a normal diet and therefore leads 
to a defi(*ient intake of nicotinic acid. There is no evidence that alcohol 
iiK^reases the re(|uirement for nicotinic avid. The few metabolic studies 
which have been done indicate that ingestion of alcohol iiuTeases the 
urinar 3 ^ output of N*-methylnicotinamide, possibly due to a ‘^sparing^’ 
action of alcohol on the nicotinic acid requirement.^’’* 


XI. Pathology 

J. M. HUNDLEY 
A. IN ANIMALS 

• 1. Dogs 

Chittenden and UnderhilP were the first to produce experimentally the 
dietary deficiency in dogs which later became established as the canine 
equivalent of pellagra. Wheeler et al? called attention to the similarity of 
this syndrome to what was knowm to American veterinarians as black- 
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tongue. Goldberger et al} studied a case of naturally occurring blacktongue 
and later described a similar disease in dogs which was produced experi- 
mentaUy.^ Dogs suffering from this deficiency show’ very characteristic 
findings. The first abnormality is, usually, refusal to eat. The animals are 
quiet and apathetic. After a day or tw’o the inner surfaces of the lips, 
cheeks, and gums become diffusely inflamed and develop superficial yellow- 
ish necrotic patches. There is an intensely foul odor. Excessive drooling of 
thick ropy saliva is chai’acteristic. The tip and margins of the tongue be- 
come red and later develop dark bluish patches. Ulceration frequently 
appears on or under the tongue. A diarrhea, generally bloody, is present. 
Scrotal dermatitis may be found. Vomiting usually develops. Body tem- 
perature may reach 40 or 41®. At autopsy, the tongue is found generally 
to have assumed a deep bluish-black color. The inflammatory changes in 
the mouth may extend to affect the epiglottis, the soft palate, and even 
into the esophagus. The stomach may show small areas of congestion, 
although during life it is apparently normal to endoscopwi examination.® 
Small and large intestine, and particularly the rectum usually show patches 
of intense congestion, less commonly small hemorrhages. Duodenal or 
colonic ulcers may be found. 

Denton® studied the pathological changes in Cioldberger’s dogs. He found 
degenerative lesions in the mucous membranes of the mouth, pharynx, 
esophagus, intestines, and epithelium of the scrotum. The lesions seemed 
to originate in the supporting tissues of the membranes and terminated in 
extensive necrotic and diphtheritic inflammation. Lillie^ made a detailed 
histologic study of the tissues of blacktongue dogs. In addition to pre- 
viously described findings, he noted degenerative changes in the nerves 
regional to the oral lesions, granular degeneration of heart muscle fibers, 
moderate passive congestion, and relatively little fatty infiltration of the 
liver. The spleen was fibrotic and contained atrophic follicles. Albuminous 
degeneration of the epithelium of the convoluted tubules of the kidney, 
injection of the meninges, tigrolysis of the brain stem ganglia, nerve cell 
atrophy, and pericellular vacuolation in the cortex and basal ganglia w^ere 
found. Jensenius and Norgaard* also found extensive histological changes 
in the central nervous system, particularly the spinal cord. 

The fatty livers (yellow liver) sometimes seen in dogs on blacktonguc- 
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producing diets®* were undoubtedly due to concomitant riboflavin defi- 
ciency as shown by Sebrell and associates.^^ Smith ei aiy^ were apparently 
the first to note the large number of fuso-spirochetal organisms in the 
mouths of blacktongue dogs. The almost universal occurrence of this 
Vincent's-type infection is one of the' most puzzling features of canine 
blacktongue. 

Nicotinic acid deficiency may occur in dogs without blacktongue, espe- 
cially in puppies and when purified diets are used.^* Handler and Dann^^ 
found that dogs could be (tured of blacktongue by treatment with intra- 
venous saline only to continue to lose weight and develop a severe anemia 
and leucopenia (p. 564). The bone marrow of such dogs has not, apparently, 
been studied. 

2. Hogs 

Miller and Rhoads^^ fed swine a modified Goldberger diet and observed 
a syndrome similar but not identical to blacktongue in dogs, i.e., stomatitis, 
achlorhydria, anemia, diarrhea, loss of appetite, and weakness. Both macro- 
cytic and microcytic anemias were observed. These deficiency symptoms 
could be relieved with oral or parenteral liver extract. Several other in- 
vestigators gave similar diets and observed the beneficial effect of nicotinic 
acid on the deficiently state.^®'^® Braude et al}^ used Chick^s diet^® and made 
a study of the gross pathology of pig pellagra. In their experiments, the 
pigs had a rough, ^^staring’^ coat but showed no actual dermatitis. Several 
pigs had small uk^erations of the buccal mucosa and most had a severe 
enteritis with necrotic ulceration of the cecum and large bowel. Fibrinous 
pleurisy, mild anemia, and, frequently, pneumonia were found in animals 
which died of the deficiency. 

Unfortunately, most of the experiments referred to above were undoubt- 
edly complicated by deficiencies of nutrients other than nicotinic acid. 
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However, more recent studies using purified diets more adequately supplied 
with vitamins have shown findings generally similar to the observations 
already reported. 22 “ 2 B 


3. Rats 

Most investigators have observed little pathology in nicotinic a(;id- 
deficient rats except retarded growth and non-specific deficiency signs Isucth 
as rough hair coat, porphyrin-caked whiskers and, occasionally, aiope- 
cia.26,27 Animals allowed to eat a nicotinic acid-deficient ration aa lib 
voluntarily restrict their food intake and may thereby protect themselves 
to some extent. Spector and associates-®* ^9 force-fed a diet severely deficient 
in both nicotinic acid and tryptophan to rats and observed striking pathol- 
ogy. Alopecia, bloating, diarrhea, hunchback, jumping, s(*reeching, convul- 
sions, mild anemia, kidney enlargement, degeneration of the testes, fatty 
infiltration of the liver, atrophy and degeneration of viscteral and cardia(* 
muscle, and keratiiiization of the cornea were observed. Most of these 
abnormalities were undoubtedlj’’ due primarily to tryptophan defic^iency 
rather than nicotinic acid. The addition of nicotinic acid in the absence of 
added tryptophan was without any substantial effect on the deficiency 
syndrome. Nicotinic acid can protec^t to some extent against congenital 
cataract in rats when the diet contains marginal amounts of tryptophan 
as shown by Pike.®® The stomach of deficient rats is normal to gross in- 
spection, and acid-pepsin secretion is normal.®^ However, Bourne®'^ found 
that the gastric mucosa was reduced in thickness, mainly at the expense of 
the oxyntic cells. Only slight degenerative changes were noted in the rest 
of the gastrointestinal tract. Johnston and Weitz,®® on the other hand, 
found marked degenerative changes in the Golgi apparatus in the (‘olumnar 
absorbing cells of the duodenum in nicotinic acid-deficient rats. Bourne®- 
also noted loss of staining ability and decrease in number of acidophile cells 
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in the anterior pituitary, cessation of bone formation at the costochondral 
junctions, cessation of spermatogenesis, and a reduction in size of the 
adrenal cortex. The spl(»en was reduced in size and showed fibrosis and 
reduc^tion of the red pulp. The epith(*lium of the trachea showed degenera- 
tion. The tubular epithelium of the kidneys was severely degenerated. 
Bourne did not report the use of pair fed controls to rule out the nonspecific 
effects of simple inanition in the etiology of these lesions. 

4. CorroN Rats and Mick 

Only poor growth has been reported as a symptom of nicotinic acid defi- 
ciency in the c^ottou rat.®^* As reported by Woolley,®® mic^e given 3-acetyl- 
pyridine, a ‘‘nicotinic acid antagonist^’ (p. 548), developed difficulty in 
controlling their hind legs and finally l)ecame almost completely paralyzed. 
The hair (^oat bcctame wet and unkempt. Weight loss and emaciation devel- 
oped. The skin of the (*hest wall, the sides of the abdomen, and the legs 
became very red and inflamed. Fiery red tongues developed late in about 
lialf of the animals. 

5. Rabbits 

Subnormal weight gain, anemia, leucopenia, and a terminal diarrhea, 
sometimes bloody, were observed in nic^otinic*. acid-deficient rabbits by 
Wooley and Sebrell.®^* No oral lesions were found. Histological examina- 
tion showed nothing that, c^ould be attributed to nicotinic acid deficiency 
aside from a few animals showing superfi(hil ulcerations in the colon. 
Olcese et observed only subnormal weight gain in their nicotinic acid- 
deficient rabbits. 

0. Chicks, Turkeys, and Ducks 

Growing chicks on nicotinic acid-deficient rations showed diminished 
growth, increased mortality, and inflammation of the entire mouth cavity 
as well as the esophagus and the crop (blacktongue) except for the tip of 
the tongue, whi(*h remained white. Excessive mucus may be found in the 
mouth. Diarrhea, perosis, and poor feathering have been described The 
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rather marked dermatitis noted in some of the early work of Briggs and 
associates'^ has not been found in more recent studies where the diets were 
more adequately supplemented with vitamins other than nicotinic acid. 
Nicotinic acid-deficient turkey poults exhibited similar findings.^^-^^ 
Nicotinic acid-deficient ducks show diminished weight gain, weakness, 
and diarrhea. In some of the birds there was an accumulation of food 
under the tongue and necrotic tissue beneath this.^® 

7. Other Species 

Cats have been reported to develop a disease in nature which reseml^lcs 
canine blacktongue and which responds to nicotinic acid.'*® Nicotinic acid- 
deficient foxes showed cessation of ueight gain and anorexia, and, if the 
deficiency was severe, they developed symptoms similar to blacktongue.*® 
Rainbow trout developed swollen gills when deprived of nicotinic acid.** 

B. IN MAN 

Sundwall*® and Harris** have reviewed the European and early American 
literature up to about 1915. These authors and, more recently, Denton,*^ 
Moore ei aL,^^ and Follis** have published their observations of the pathol- 
ogy of pellagra in the United States. 

The usual pathological features of pellagra in this country include 
changes in the skin, oral cavity, esophagus, colon, nervous system, and 
blood. Skin from clinically involved areas shows dilatation of blood vessels, 
some rarefaction of tissue, hyperkeratosis, parakeratosis, acanthosis, and, 
in severe cases, bullae. The sebaceous glands may be atrophic, although 
the sweat glands appear normal. Abnormalities of keratinization may be 
found in clinically normal skin. The mucous membrane of the mouth, 
tongue, esophagus, vagina, and colon show somewhat similar changes with 
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considerable atrophy of the epithelium. The buccal mucous membrane may 
disappear entirely in some areas with grayish ulcerations which are loaded 
with microorganisms. Cysts filled with mucus and inflammatory material 
and, in advanced cases, ulcers are found in the colon. Chromatolysis of 
ganglion cells in the brain and, in some cases, myelin degeneration of 
peripheral nerves can be observed. Peripheral blood may show either 
microcytic or macrocytic anemia. Bone marrow appears to have been 
studied but little 

The spec'Jficity of these pathological changes in relation to possible con- 
comitant deficiencies of other essential nutrients has been discussed else- 
where (p. 553). The “pellagra’’ of Africans, as characterized by the Gill- 
mans, almost certainly is complicated by other deficiencies, since it does 
not respond to nicotinic acid but does respond to certain materials which 
contain high-quality protein. The extensive pathology of this severe nutri- 
tional disease has been described thoroughly by the Gillmans.*^^ 


XII. Pharmacology 

J. M. HUNDLEY 
A. TOXICITY 

Both nicotinamide and nicotinic acid are quite non-toxic, there being a 
ratio of at least 1:1000 between the effective therapeutic dose and the 
toxic dose. 


1. Rats and Mice 

The LDso’s of nicotinic acid (sodium salt when given parenterally) and 
nicotinamide range from 3.5 to 5 g, per kilogram subcutaneously and 5 to 
7 g, orally. Nicotinamide is almost t^vice as toxic as nicotinic acid.^'® The 
methyl ester of nicotinic acid injected into mice was tolerated at a level of 
1.0 g. per kilogram, w’hereas the methoiodide of this compound was fatal 
at 0.6 g. per kilogram. The methyl ester of N^methyltetrahydronicotinic 
acid (arecoline) was fatal at a dosage of 0.065 g. per kilogram.^ N^Methyla- 
tion of nicotinic acid and related compounds does not result in a consistent 
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effect on toxicity. Brazda and Coulson® found the following LDw’s in rats 
given the following compounds subcutaneously (grams per kilogram) : nico- 
tinic acid 5.0, trigonelline 5.0, nicotinamide 1.08, N^-methylnicotinamide 
2.4, N,N-diethylnicotinamide (coramine) 0.24, coramine methochloride 
1.90, pyridine 1.00, and pyridine methochloride 0.28. Nicotinamide, cora- 
mine, and their N^-methyl derivatives caused paralysis of the respiratory 
(tenters. Pyridine and its methyl derivative caused deep anesthesia. Karasek 
and coworkers^ reported considerably lower LDbo’s for nicotinic acid in 
micte (1.8 g. per kilogram) than those recorded above. They also found that 
as little as 0.4 g. per kilogram caused preglomerular, corticomedullary, and 
interstitial hemorrhages in rats. Unna,^ on the other hand, fed 1.0 g. per 
kilogram of sodium nictotinate daily for 40 days to rats and observed no 
effect on growth or on tissue histology. Chen and associates^ found no 
abnormalities in mi(;e injected with 0.5 g. per kilogram daily for four weeks. 
McCrea® gave 0.05 to 0.2 g. of ui(*otinic acid to rats intraperitoneally for 
24 days with no ill effects. I^nna*^ suggested that the toxici effect of nico- 
tinic acid and its amide may be due, at least in part, to simple osmotic* 
effects, since the same volumes of a solution of sodium chloride equimolec- 
ular to the sodium nicotinate solutions caused some deaths in their animals. 

2. Dogs 

Dogs tolerated up to 2 g. of sodium nicotinate per kilogram of body 
weight orally for 35 to 03 days without toxicity.- Ch(m and associates' gave 
dogs 1 g. of nicotinic acid per day orally for eight weeks with no toxic 
symptoms, although 2 g. per dog per day produced marked toxic; sjmptoms 
in 11 to 20 days. 

3. Other Species 

Chickens tolerated sodium nicotinate up to 2 g. per kilogram of body 
weight orally each day for periods as long as two months.^ The minimum 
lethal dose of sodium nicotinate by injection into guinea pigs was 3.5 g. 
per kilogram. Rabbits tolerated 0.02 to 0.06 g. per kilogram per day for 
ten days.® As much as 5.4 g. of nicotinic acid per day has been given orally 
to man with no harmful effects.'" Hawker* reported a 20% increase in 
ovary weight and a decrease in pituitary gland weight of virgin guinea 
pigs receiving nicotinic acid in amounts uji to 150 mg. daily. This report 
must be accepted with reservations because of the very small number of 
animals used. 
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(1949)]. 

* F. D. McCrea, J. Pharmacol. Exptl. Therap. 63, 25 (1938). 

’ C. M. Kurtz, O. S. Orih, and G. Sepulveda, Wiscojisin Med. J. 44, 761 (1945). 

* R. W, Hawker, Med. J. Australia I, 872 (1946). 
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B. TOXICITY IN DIETS 

Handler and Dann® found that incUusion of 1 % iiuiotinamide in a low 
protein diet almost completely inhibited growth in rats. This growth in- 
hibition could be prevented by methionine or by choline plus homocystine 
but not by choline, betaine, homocystine, or (;ystine alone. One per cent 
nicotinic acid in the same diet did not inhibit growth but did induce fatty 
liver, an effect preventable by methionine, choline, and betaine but aggra- 
vated by cystine or homocystinc.'^* Randoin and Causeret^^ confirmed 
the dietary toxicity of 0.5 to 2.0% ni(‘otinamide but failed to obtain re- 
versal with methionine.^2 They did obtain reversal of toxic^ity with liver 
powder or folic acid plus calcium pantothenate.^® One or two per cent 
nicotinamide in the diet of rabbits and guinea pigs did not depress growth 
and did not cause fatty liver. It is of interest that the latter two species 
do not methylate nicotinamide to any extent, whereas the rat does. Two 
per cent nicotinamide reduced the growth of chicks but did not produce 
fatty liver; neither glycine nor choline restored growth. Two per cent 
nicotinic acid in this diet had no effect on chick growth.^^ 

Coulson and Brazda^^ fed rats a si^ries of pyridimi derivatives, including 
the N^-methyl derivatives of ea(*h, at a level of 1 % in a high protein diet. 
None of the N ^-methyl derivatives affected liver fat. N^-Methylation had 
no consistent effect when the growth depression obtained with methylated 
compounds was compared with that obtained with nou-methylated (K)m- 
pounds. 7 -Picoline, nicotinic, acid, and nicotinamide increased liver fat. 
jS-Picoline and coramine produced larger increases in liver fat, but this 
could be prevented by methionine or choline. Coramine produc^nl a large 
increase in fat-free liver weight which could not be prevented by choline 
or methionine. These results suggest that the toxicity of pyridine deriva- 
tives may be only partially explained by the fact that the t issues are robbed 
of the methyl groups necessary for their methylation and excretion. 

C. CIRCULATION 

Nicotinic acid, 20 t,o 30 mg. given intravenously or 100 to 500 mg. orally, 
produces a transient vasodilatation of the cutaneous vessels, particularly 
of the ears, face, ne(^k, upper extremities, and trunk in most human sub- 
jects. The reaction is accompanied by itching, burning, and tingling of the 

^ P. Handler ami W. J. Daim, J . Biol. Chern. 146, 357 (1942). 

A. Aschkeuasy and J. Mignot, Compt. rend. soc. biol. 140, 261 (1946). 

L. Handoin and J. Causeret, Compt. rend. 227, 367 (1948). 

Ti. Randoin and J. Causeret, Compt. rend. 228, 504 (1949) \C. A . 43, 6296 (1949)]. 

b. Handoin and J. Causeret, Compt, rend. 227, 399 (1948). 

'' P. Handler, J. Biol. Chem. 164, 203 (1944). 

R. A. Coulson and F. G. Brazda, Proc. Soc. Exptl. Biol. Med. 66, 1 (1947). 



574 


NIACIN 


affected areas.^® The skin temperature may^® or may not^^ be elevated. In 
spite of this reaction, blood pressure, pulse, and body temperature are 
little affected. There is an increased blood flow in the hand and the forearm 
but little in the leg.^’ The increase in blood flow is largely in the skin and 
subcutaneous tissue, there, apparently, being a compensatory decrease in 
the muscles^® and the viscera*®*^® so that there is little change in blood 
pressure and perhaps only a slight increase in circulating blood volume.^^ 
Some dilatation of the arteries of the retina may occur,^® but there is no 
increase in cerebral blood flow, according to Scheinberg.-^ The latter is 
somewhat surprising, since flushing doses of nicotinic acid are reported to 
have a beneficial effect in certain types of headaches.^® • ^4 NicotinaWde 
and many other related compounds do not cause this flushing reaction, 
although a few derivatives such as methyl nicotinate, other alkyl liico- 
tinates, and the alcohol of nicotinamide (Roiiiacol) do.^®- 27 Prior dosage 
with 30 to 60 g. of glycine is said to prevent or retard the flushing action 
of nicotinic acid in man.^®* 2 ® Coramine (N,N-diethylnicotiuamide) has a 
marked stimulant action on the central nervous system. Other nicotinic; 
acid derivatives such as tetrahydrofurfuryl nicotinate-® have; a direct hy- 
peremic action on the skin. The reported ability of nicotinic acid or nico- 
tinamide to increase the resistance of rats to anoxia may be related to some 
of these circulatory effects.^® 

Although nicotinic acid itself is quite inactive in lowering blood pressure, 
its methyl ester, the methyl ester of N^-raethylnicotinamide, and the methyl 
ester of N^-methyltetrahydronicotinic acid (arccoliiie) are, in the order 
given, quite active in that respect.^ 

D. BLOOD SUGAR 

The extensive and contradictory literature on this subject has been 
reviewed by Dfaz-Rubio and associates.®® Various investigators seem about 

T. D. Spies, W. B. Bean, and U. E. Stone, J, Am. Med, Assoc. Ill, 5S4 (1038). 

1. Abramson, H. H. Kaizenstein, and F. A. Senior, Am. J. Med. Sci. 200,06 

(1940). 

li. A. Murphy, .Jr., J. N. McClure, Jr., F. W. Cooper, Jr., and L. D. Crowley, 

Surgery 27, 655 (1950), 

S. Artunkal, Bull. fac. m^d. Inatanbul I, 4024 (1944). 

*®M. Salvini, Boll. soc. ital. biol. sper. 23, 907 (1947). 

M. Salvini and C. Dal Palu, Boll. soc. ital. biol. sper. 24, 986 (1948). 

** P. Scheinberg, Circulation 1, 1148 (1950). 

** M, Atkinson, Ann. Internal Med. 21, 990 (1944). 

*4 J. W. Goldzieher and G. L. Popkin, J. Am. Med. Assoc. 131, 103 (1946). 

** W. B. Bean and T. D. Spies, J. Am. Med. Assoc. 114, 439 (1940) . 

** L. Chevillard, R. Charonnat, and H. Giono, Compt. rend. soc. biol. 144, 194 (1950). 
« W. Huber, U. S. Pat. 2,431,558 (November 25, 1947). 

CIBA Ltd. Swiss Pat. 258,714 (June 1, 1949). 

« R. M. Calder, Proc. Soc. Exptl. Biol. Med. 68, 642 (1948). 

M. Diaz-Rubio, E, Monsalvez, and J, M, Masaguor, Rev. din, espafi. 21, 299 (1946) . 
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equally divided among those who find a hyperglycemia, those who find no 
effect, and those who find a hypoglycemia after intravenous nicotinic acid. 
More recent reports concerning both animals and man have not clarified 
this subject, although most reports indicate either no effect or a slight 
ffypoglycemic action.***®^ Poppalardo^* found a marked hypoglycemic action 
when nicotinic acid or nicotinamide was given by subarachnoid injection 
in man. Insulin injected into the developing egg embryo induced develop- 
mental defects. Nicotinamide prevented tliis effect, although a-ketoglutaric 
acid also had a similar action.®® 

E. KETOSIS 

Janes and Meyers^® discovered that rather large amounts of nicotinic 
acid would induce ketosis in alloxan diabetic rats. The alcohol of nicotinic 
acid (Roniacol) was more active, and nicotinamide less active, than nico- 
tinic acid in this action.^^ Banerjee^® found that nicotinic acid, and several 
other compounds having a pyridine nucleus and a carboxyl group, would 
inhibit the diabetogenic action of alloxan in rabbits. However, there is 
nothing specific about the action of nicotinic acid in either the induction 
or the progress of alloxan diabetes. Janes and Brady^® found that excessive 
doses of nicotinic acid induced ketosis even in normal rats. Baiierjee and 
Ghosh®^ could detect no effect of large doses of nicotinamide on blood 
acetone bodies in either normal or diabetic subjects. 

F. GASTRIC SECRETION 

Both nicotinic acid and nicotinamide have the ability to increase gastric 
secretion, including free and total acid, in normal individuals^^*^® and in 

F. K. Permyakov, Klin, Med. {U.S.S.R.) 24, 65 (1946). 

** C. Pelosio, FisioL c vied. (Rome) 16, 481 (1947). 

S. Eser, BuU.fac. med. Insianhul 11, 82 (1948). 

S. Banerjee, N. C. Ghosh, and G. Bhattacharya, Indian J . Med. Research 36, 341 

(1948). 

G. Beuedeiti, B, Tortori-Donati, and F, Fcrri, Rass.fisiopatol. din. e terap. (Pisa) 

20, 233 (1948). 

E. M. Alesker, Klin. Med. (U.S.S.R.) 27, 70 (1949). 

S. Banerjee and N. C. Ghosh, J. Biol. Chem. 177, 789 (1949), 

P. Poppalardo, Acta. Neurol. (Naples) 1, 102 (1946). 

^ W. Landauer, J. Exptl. Zool. 109 , 283 (1948). 

R. G. Janes and L. Meyers, Proc. Soc. Exptl. Biol. Med. 63, 410 (1946). 

R. G. Janes, Proc. Boc. Exptl. Biol. Med. 76, 246 (1950). 

S. Banerjee, Science 106, 128 (1947). 

R. G. Janes and J, Brady, Am. J. Physiol, 169, 547 (1949). 

C. Malaguszi -Valeri and P. Paterno, Boll, soc, ital. hiol. sper. 14, 377 (1939); Gazz, 

ospedali e din. 60, 925 (1939). 

0. Gabor, Orvosi Hetilap 86, 629 (1941). 

1. S. Snitzer, Klin. Med. (U.S.S.R.) 27, 77 (1949). 



676 


NIACIN 


pellagrins/®' but usually not in achylic individuals.'*^ Other investi- 
gators®* confirmed this action of nicotinic acid and nicotinamide in normal 
individuals but could find little or no increase in patients with pellagra. 

G. SERUM BILIRUBIN 

Intravenous sodium nicotinate (30 to 300 mg.) induces a rather striking 
rise in indirect reading serum bilirubin in both normals and those with 
hepatic disease.®^'®® The increase is generally higher and more prolonged in 
patients with hepatic diseases than in normal subjects. A copious excfetion 
of bile and increased urinary urobilin were also noted.®** ®® Nicotinamide 
given intravenously did not elevate serum bilirubin but did increase bile 
flow to some extent.®® 

II. ANTIALLERGIC EFFECTS 

There are quite a number of reports in recent European medical litera- 
ture attributing antihistaminic and smooth muscle pharmacological effects 
to nicotinic acid and nicotinamide. These reports constitute an interesting 
facet of the pharmacology of nicotinic acid which has been largely over- 
looked in the American literature except for the flushing (smooth muscle?) 
action of nicotinic acid. 

In 1941 Scaffidi and Molino®^ noted that intravenous sodium nicotinate 
caused a transient increase in tone and amplitude of the rhythmic contrac- 
tions of rabbit uteri. In 1944 Halpern and Dainow®® discovered that nico- 
tinamide would protect against anaphylactic sho(;k and histamine aerosol 
asthma but not against bronchospasm induced by acetylcholine in guinea 
pigs. These investigators also noted an antagonism betAveen nicotinamides 
and histamine on the isolated intestine and uteri of guinea pigs. Nicotina- 
mide diminished the stimulant action of acetylcholine and barium chloride 

G. A, Goldsmith, H. P. Sarett, U. D. Register, and J. Gibbons, J. Clin. Invest. 81, 

533 (1952). 

V. Kao, Riv. paiol. sper. 26, 49 (1941). 

G. Gotgiu and L. Romano, Otti. soc. med. chir. Padova 7, 3 (1939), quoted in ref. 44. 

G. A. Goldsmith, II. P. Sarett, U. D. Register, and J. Gib])ens, Federation Proc. 

10, 383 (1951). 

“ D. Zamfir, C. C. Dimitriu, P, lonescu-Stoian, and N. Neculescu, Rev. sturnt. med. 

81, 420 (1942), abstract in Ber. ges. Physiol. 131, 585 (1943). 

C. Mattei, Minerva med. 37, 308 (1946). 

L. Marfori, M. Stefanini, and P. Bramante, It Policlinico (Rome) Sez. med. 53, 

243 (1946); Am. J. Med. Sci. 213, 150 (1947). 

M M. Stefanini, J. Lab. Clin. Med. 34, 1039 (1949). 

M, Salvini and F. S. Feruglio, Boll. soc. Hal. hiol. sper. 24, 979 (1948). 

®®M. Stefanini, Am. J. Digestive Diseases 17, 337 (19^). 

V. Scaffidi and N. Molino, Boll. soc. Hal. hiol. sper. 16, 284 (1941). 

“B. N. Halpern and I.^Dalnow, Z. Vitaminforsch. 16, 217, 250, 260 (1944). 
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on the isolated intestine but seemed without effect on uterine contractions 
induced by posterior pituitary extracits. Ale(;hinsky®® found that 100 mg. of 
nicotinamide would protect guinea pigs against one MLl) of histamine. 
Frommel and associates®^* tested a number of nicotinamide derivatives 
against histamine aerosol in guinea pigs. None of the compounds had 
greater efficacy than nicotinamide itself, although others have found it less 
effective than sodium nicotinate.®^ Nicotinamide has also been reported to 
modify the systemic efli’ects of histamine and to dec^rease the local effect 
of histamine on skin.®^ 

Nicotinic acid and nicotinamide increased the force of contraction of the 
isolated intestine of rabbits.®® A number of esters of nicotinic acid have 
been studied for their spasmolytic potency on smooth, cardiac and striped 
muscle.®^ Both nicotinic acid and niciotinamide have been found to antago- 
nize curare and to reinforce the action of acetylcholine on the gastrocnemius 
and soleus muscles of anesthetized cats. Nicotinic acid antagonized whereas 
nicotinamide reinforced the a(;tion of prostigmine in this type of prepara- 
tion.®® Nicotinic acid has been reported to shorten the period of spasms in 
mice given strychnine and to give some prote(*tion against metrazole shock 
in rats, rabbits, and guinea pigs®® and in dogs.®^ 

I. OTHER EFFECTS 

There are a number (jf reports dealing with unexpected effects of nico- 
tinic acid administration in man and animals which have not been studied 
extensively enough for their signifi(!ance to be determined. These are reduc- 
tion in electrical excitability of the cerebral cortex in dogs®®; increased 
absorption and increased blood levels of iron®® - prev ention and treatment 
of bromidism in man and dogs;^* changes in blood electrolytes counter- 

A. Alechinsky, Compt. rend. soc. biol. 141, 524 (1047). 

K. Frommel, A. Blschler, I. T. Bock, K. Vallettc, and M. Favre, Intern. Z. Vitamin- 

forsck, 19, m (1947). 

E. Ginoulhiac ami F. Someiizai, Acta VitaminoL 3, 20 (1949). 

Butturiiii, Giorn. din. mcd. (Parma) 27, 081 (1946). 

® H. Savini, Boll. soc. ital. hiol. sper. 24, 819 (1948). 

ii. Charonnut, L. Chevillanl, H. Gioiio, M. Tlarispo, and J. V. Ilarispc, Ann, 

ph^rm. franc, 6. 489 , 490 (1948). 

F. Valenzuela and F. Iluidobro, J. Pharmacol, Exptl. Therap. 92, I (1948). 

N. V. Sapezhinskaya, Farmahol, i Toksikol. 10, 11 (1947) [C. A. 42, 3081 (1948)]. 

Q. Calabro and 11, Savini, Boll. soc. ital. hiol. sper. 24, 823 (1948). 

R. Savini, Boll. soc. ital. biol, sper. 24, 822 (1948). 

A. Lattanzi, Boll. soc. ital. hiol. sper, 24, 561 (1948); Intern. Z. Vitaminforsek. 21, 

307 (1949). 

^®L. Marinelli and C. Tramontana, Giorn. din. med. (Parma) 31, 152 (1950). 

R. S. Harris and P. S. Derian, Southern Med. J. 42, 973 (1949). 

L. Biana, Boll, soc. ital, biol, sper, 16, 1051, 1054 (1940). 

M. Bacca, Boll. soc. ital, hiol. sper. 22, 477 (1946). 
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action of the toxicity of crystalline borrilidin in rats;^^ decreased serum 
cholinesterase;^^ and an increase (with thiamine) of basal metabolic rate.^® 


Xni. Requirements and Factors Influencing Them 

J. M. HUNDLEY 

A. ANIMALS 

Table XVII presents a summary of published information on the nicotinic 
acid requirement of various species. The figures for tryptophan listed in 


TABLE XVII 

Nicotinic Acid Requirement and Amount of Tryptophan Required to Replace 

Nicotinic Acid 


Species 

Nicotinic acid, mg./lOO g. of diet 

Tryptophan, mg./lOO g. of diet 

Remarks 

Rat 

1.5 (1, 2)* 

0.&-1.5 (3) 

L or DL, 50 (1,2) 

Corn diets 

Diets with vari- 
ous carbohy 
draies 

Mouse 

1.0 (4) 

9 


Cotton rat 

<2.5 (5, 6) 

h 


Dog 

5.0 (7) 

— 

Corn diets 


0.130-0.226/kg. body 
wt./day (8-10) 

— 

Adult dogs 


0.250-0.360 kg. body 
wt./day (9) 

DL, 100 or L, 50 (11) 

Puppies 

Swine 

6 . 5-17 . 0/day /animal 
(12-14) 

BL. 250 (15, 16) 

Young pigs 


0.6-1,0/kg. body wt./ 
day (15, 16) 

D^ 200/day (12, 14) 

Young pigs 

Rabbit 

60 (17) 

DL, 220 (17) 

Glucose diet 


10/kg. body wt./day 
(18) 

DL, 400/kg. body wt./day 
(19) 

Sucrose diet 

Monkey 

10-35 wk. (20) 

DL, 1000-4000/wk. (20) 

— 

Chicken 

1. 8-2.0 (21-23) 

— 

Y'oung chicks 


3.0 (24 , 25) 

L or DL, 200 (24) 

Young chicks 


4.a-5.0 (26-28) 

L, 100 or DL, 200 (27-29) 

Young chicks 

Turkey 

3.0-10.0 (30-32) 

G 

Poults 

Duck 

2.5 (33) 

DL, 400 (34) 

Ducklings 

Cat 

1,7/day (35) 

i 

— 


« FisuruB in porentheBes are leferenoes. 

* Tryptophan can replace nicotinic acid in the mouse and cotton rat, but this lias not been deter- 
mined quantitatively. 

« The ability of tryptophan to replace niootinio acid in the turkey has not been doterrainod. 
Trypotophan does not appear to replace nicotinic acid in cats. 

J. M. Cooperman, S. H. Rubin, and B. Tabenkin, Proe. Soe. Expil. Biol. Med. 76> 
18(1961). 
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Table XVII represent the approximate amount required to substitute for 
the nicotinic acid requirement. These figures do not include tryptophan 

P. Salvi and A. Morelli, Acta neural. (Naples) 2, 986 (1947). 

C. Malaguzzi -Valeri, G. Conese, and D. Angarano, Intern. Z. Vitaminforsch. 22, 
174 (1950). 

1 W. A. Krehl, P. S. Sarma, L. J. Teply, and C. A. Elvehjem, J. Nutrition 31, 85 
(1946). 

* L. V. Hankes, L. M. Henderson, W. L. Brickson, and C. A. Elvehjom, J, Biol. 
Chem. 174, 873 (1948). 

* J. M. Hundley, J. Biol. Chem. 181, 1 (1949). 

* B. S. Schweigert and P. B. Pearson, J. Biol. Chem. 172, 485 (1948). 

® J. M. Mclntirc, B. S. Schweigert, and C. A. Elvehjem, J . Nutrition 27, 1 (1944). 

® B. S. Schweigert, Proc. Soc. Exptl. Biol. Med. 68, 522 (1948). 

^ W. A. Krehl, L. J. Teply, and C. A. Elvehjem, Proc. Soc. Exptl. Biol. Med. 68, 334 
(1945). 

® T. W. Birch, J. Nutrition 17, 281 (1939). 

® A. E. Schaefer, J. M. McKibbin, and 0. A. Elvehjem, J. Biol. Cheni. 144, 679 
(1942). 

W. H. Sebrell, 11. H. Onstott, H. F. Fraser, and ¥. S. Daft, J . Nutrition 16, 355 
(19:J8). 

“ S. A. Singal, V. P. Sydenstricker, and J. M. Littlejohn, J . Biol. Chem. 176, 1051 
(1948). 

R. W. Luecke, W. X. McMillen, F. Thorp, Jr., and C. Tull, J . Nutrition 36, 417 
(1948). 

H. E. Butler and II. P. Sarett, J. Nutrition 36, 539 (1948). 

U. W. Luecke, W. X. McMillen, F. Thorp, Jr., and C. Tull, J. Nutrition 33, 251 
(1947). 

W. C. Powick, N. R. Ellis, L, L. Madsen, and C. N. Dale, J. Animal Sci. 6, 310 
(1947). 

W. C. Powick, N. R. Ellis, and C. X. Dale, J. Animal Sci. 7, 228 (1948). 

O. Olceso, P. B. Pearson, and P. Sparks, ./. Nutrition 39, 93 (1949). 

J. G. Woolcy and W. H. Sebrell, J. Nutrition 19, 191 (1945). 

« J. G. Wooley, Proc. Soc. Exptl. Biol. Med. 65, 315 (1947). 

*0 D, V. Tappan, U. J. Lewis, V. D. Regisicr, and C. A. Elvehjem, J . Nutrition 46, 
75 (1952). 

« G. M. Briggs, R. C. Mills, C. A. Elvehjem, and E. B. Hart, Proc. Soc. Exptl. Biol. 
Med. 61, 59 (1942). 

** H. M. Scott, E. P. Singsen, and L. D. Matterson, Poultry Sci. (Research Notes) 26, 
303 (1946). 

P. S. Sarma and C. A. Elvehjem, Poultry Sci. 26, 39 (1946). 

J. W. West, 0. W. Garrick, S. M. Hauge, and E. T. Mertz, Poultry Sci. 31, 479 
(1952). 

G. R. Childs, C. W. Garrick, and S. M. Hauge, Poultry Sci. 31, 551 (1952). 
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G. M. Briggs, A. G. Groschke, aud R. J. Lillie, J . Antrition 32, 659 (1946). 

** G. M. Briggs, J. Biol. Chem. 161, 749 (1945). 

J. 0. Anderson, G. F. Combs, and G. M. Briggs, J . Nutrition 42, 463 (1950). 

G. M. Briggs, J. Nutrition 31, 79 (1946). 
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580 


NIACIN 


in the basal diet and hence do not represent the absolute tryptophan re- 
(luircment. The figures listed, both for nicotinic acid and tryptophan, can 
be regarded as valid only under the particular (nniditions of the expei*iments 
cited, in view of the well-known (conversion of tryptophan to nicotinic accid 
and tlie many other fatctors which influence reciuiremcnts. 

As indicated in liable XVII, rats, mice, cotton rats, dogs, swine, rabbits, 
monkeys, chkkens, turkeys, ducks, and cats recpiire a dietary source of 
nicotinic acid except, in some species, when sufficient tryptophan is sup- 
plied. Fox puppies require nicotinic a(*id (0.39 to 2.0 mg. per kilogram of 
body weight per day).^® The af^tivity of tryptophan has not been reported 
in this species. Guinea pigs require nicotinic acid.*^^' Banerjee el l^ould 
demonstrate no activity with tryptophan, although (^annon and associates®^ 
obtained seme evidence that tryptophan could substitute for nicotinic acid 
and Henderson et al.^^ found that tryptophan increased the urinary excre- 
tion of nicotinic acid and related compounds in guiiu^a pigs. 

Calves,®®’^- horses,^® - and sheep®®* do not reepiire a dietary source 
of nicotinic acid, although they can (convert tryptophan to nicotinie* acid. 

a. Tryptophan 

The conversion of tryptophan to nie-otinie? acid is desenibed in detail in 
Section VI. Tryptophan may be added to the diet either as tlu' pure amino 
acid or as protein. Thus, dogs will develop blackt-ongue on a 20% casein 
ration but will not if the casein is increased to 42 Bats develop nicotinic 
acid deficiency on 9% casein, (cystine-supplemented rations but do not if 
the casein level is increased to 15 to 25%.**’^^ ®* Swine d(*v(*lop nicotinic 

li. Borriiird and J, M. Demers, Rev. can. hioL 8, 504 (1040). 

A. C. da Silva, Acta Phyaiol, Latinoamer. 1, *20 (1050); A. O. da Silva, P. Fried, 
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BioL Med, 63, 414 (1046). 
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(1949). 
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^ B. S. Schweigert, P. B. Pearson, and M. C. Wilkening, Arch. Biochem. 12, 139 
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acid deficiency on low casein diets but not if the casein level is increased 
to 25 or 26 %.' 2 , ci 

There is considerable evidenc^e that tryptophan added to the diet as the 
free amino acjid results in considerably greater synthesis of nicotinic acid 
than when an equivalent amount of tryptophan is added as protein.®^, sa 
This interesting phenomenon might be explained by assuming that trypto- 
phan presented to the tissues along with a well-balanced mixture of other 
amino acids is used primarily in association with other amino acuds in 
processes involved in protein synthesis and replacement. However, when 
tryptophan is presented t.o the tissues so that it is in excess of the available 
amount of other amino acids, the excess tryptophan is diverted into the 
channels which lead to nicotinic acid synthesis. 

6 . Other Avxino Adds 

Several groups of investigators have shown that proteins lac'.king or low 
in tryptophan, amino ac^id mixtures simulating these proteins, and certain 
amino ac'ids, singly or in combinations, have a marked ability to increase 
nicotinic acid rcciuirements when added to defic'ient rations in rats- - 
and in cdiicks.-^- Anderson ci using chicks on a nic^otinic acid 
deficient diet, have rec'cnlly shown that amino acids may be divided into 
two groups, those whicdi cause a growth depression correctable by nicotinic 
acid and those which cause a growth depression not influenced by the 
vitamin , 

In each of the experiments cited above, the basal ration to which the 
various protein and amino acid supplements were added contained a limited 
amount of tryptophan as w(dl as being deficient in nicotinic acid. In general. 

W. 1). Salmon, ./. Nutrition 33, 169 (1947). 

W. T). Salnum, ,7. Nuiritwn 33, 155 (1947). 

M. M. Wintrobo, II, J. Stein, IMI. KolHs, Jr., and S. Humphreys, J. Nutrition 30, 

395 (1945). 

S. A. Hinptl, A. P. Hriggs, V. P. Sydenstrickcr, and J. M. Ijittlojohn, J . Biol, 

Chinn. 166, 573 (1946). 

*-3 G. H, Hell, B. T. Schcer, and 11. J. Deuel, Jr., J. Nutrition 36, 239 (1948). 

-nV. A. Krehl, L. M. Henderson, J. de la Huerga, and C. A. Elvehjera, J. Biol 
166, 531 (1946). 

F. Uosen, J. W. llutr, and W. A. Perlzwcig, J. Biol. Chem. 163, 343 (1946). 

S. A. Singal, V. P. Sydenstrieker, and J. M. Littlejohn, J . Biol. Chem. 171, 203 

(1947); 176, 1063 (1948). 

F. Posen and W. A. Perlzwcig, J . Biol. Chem. 177, 163 (1949). 

A. G. Groschko, J. O. Anderson, and G. M. Briggs, Proc. Soc. Exptl. Biol. Med. 

68, 564 (1948). 

G. M. Briggs, J. Biol. Chem. 161, 749 (1945). 

®® A. C. Groschke and G. M. Briggs, J. Biol. (^hem. 165, 739 (1946). 

J. O. Anderson, G. F. Combs, A. C. Groschke, and G. M. Briggs, J. Nutrition 
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the more of the supplements which were added, the more severe the appar- 
ent nicotinic acid deficiency became. In most instances nicotinic acid and 
tryptophan were equally effective in oven^oming the growth depression 
(within certain limits). 

Most, if not all, of these observations can be explained according to the 
concept of amino acid balance. When the diet contains more tryptophan, 
in proportion to available amounts of other ammo acids, than is required 
for protein synthesis and other anabolic demands, then a portion of the 
tryptophan is converted into nicotinic acid in an efficient fashion. When, 
however, the supply of tryptophan is restricted so that it is the mosli limit- 
ing amino acid, then the tissues seem to metabolize it in a different faSshion. 
Its utilization becomes quite inefficient and very little nicotinic acid is 
formed, as shown by Krehl and associates.®- The greater the deficit of 
tryptophan in proportion to the other amino acids, the more severq the 
nicotinic acid deficiency seems to be. If nicotinic acid is supplied in these 
low-tryptophan rations, the tissues seem to be relieved of the necessity 
for converting tryptophan to nicotinic acid and the metabolism of trypto- 
phan becomes efficient once again; i.e., the added nicotinic acid seems to 
“spare” tryptophan. 

This concept, if valid, implies that the metabolic channels into which an 
amino acid can be directed may vary according to the needs of the tissues 
for essential substances. It also implies that the metabolic utilization of an 
amino acid may become quite inefficient when it is the most limiting amino 
acid. Further, it is e\fident that the absolute requirement of an organism 
for an amino acid varies not only with the relative supply of other amino 
acids but with the dietary supply of essential substances which (;an, in case 
of need, be made from the amino acid. 

The role of amino acid balance in nutrition has been reviewed by El- 
vehjem and Krehl®* and by Krehl.®^ 

c. Influence of Carbohydrates 

Krehl and associates^ were the first to note that dextrin, starch, glucoses, 
and lactose had a nicotinic acid sparing action when compared to diets 
containing sucrose in the rat. These findings have been (jonfirmed and 
extended.*' **» A similar phenomenon may exist in the rabbit,*^’ al- 
though the reverse apparently obtains in chicks; i.e., starch increases 
nicotinic acid requirements.^® The explanation usually given these phenom- 
ena is that different carbohydrates alter the intestinal flora and thereby 

•* W, A. Krehl, J. de la Huerga and C. A. Elvehjem, J. Nutrition 164 , 551 (1946). 

« C. A. Elvehjem and W. A. Krehl, J. Am. Med. Assoc. 186, 279 (1947). 

** W. A. Krehl, Vitamins and Hormones 7, 111 (1949). 

•» L. M. Henderson, T. Deodhar, W. A. Krehl, and C. A. Elvehjem, J. Biol. Chem. 

170, 261 (1947). 
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change the amount of nicotinic acid consumed or produ(;ed by the micro- 
organisms, which in turn influences the amount of nicotinic acid available 
to the host. This may be the true explanation, although Hundley* has 
advanced the idea, with some supporting data, that fructose and sugars 
containing fructose require more nicotinic acid in their metabolism than do 
glucose and sugars containing glucose. According to this theory, fructose, 
or a portion of it, may be metabolized in a different manner from glucose, 
a metabolic pathway which necessitates a greater utilization of nicotinic 
acid-containing coenzymes, and may thereby increase the dietary nicotinic 
acid requirement. 

d. Intestinal Synthesis of Nicotinic Add 

The exact explanation for the effect of various carbohydrates on nicotinic 
acid requirement is still in doubt. Indeed, much has been written about 
the role of intestinal microorganisms in supplying the host with essential 
nutrients. Ellinger*® has reviewed the extensive and excellent work he and 
liis asso(jiates have done, as well as that of other workers, which supports 
the position that intestinal microbes play an important role in providing 
nicotinic acid for the host. There is no doubt whatsoever that bacteria, 
such as are found in the intestine, can and do synthesize nicotinic acid, but 
on the other hand they may also consume and destroy it.®’"* There is also 
no doubt that dietary variations such as changing the typo of carbohydrate 
will alter the microbial population of the intestine and will change the 
amount of free nicotini(j acid found in the intestine, as shown by the nu- 
merous studies on carbohydrates cited previously. 

The essential question is whether any of these changes result in any 
substantial difference in the nicotinic acid economy of the host. The evi- 
dence is conflicting, Ellinger and associates have found that some sulfa 
drugs, but not others, taken orally result in a substantial decrease in 
urinary N^-methylnicotinamide excretion.®®’ There are (dinical reports of 
nicotinic acid deficiency being induced by oral “sulfa^’ drugs or anti- 
bioti(^s.^^ • On the other hand, numerous attempts to produce nicotinic 
acid deficiency in animals by means of sulfa drugs have been unsuccessful. 
Several investigators have found no decrease in the urinary excretion of 
N^-methylnicotinamide or other nicotinic acid metabolites after sulfa drugs 

*®P. Ellinger, Expereniia 6, 144 (1950). 

S, A. Koser and G. R. Baird, J. Infectious Diseases 76, 250 (1944). 

*** R. Benesch, Lancet I, 718 (1945); Prensa mcd. {Argentina) 33, 1336 (1946). 

•* P. Ellinger, R. A. Coulson, and R. Benesch, Nature 164, 270 (1944). 

P. Ellinger, R. Benesch, and W. W. Kay, Lancet I, 432 (1946). 

S. W. Hardwick, Lancet 260, 267 (1946). 

P. Ellinger and F. M. Shattock, Brit, Med, J , II, 611 (1946). 
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were given orally in man and animals/^"^® although some drugs seem to 
produce an increased excretion of nicotinic acid metabolites The final 
solution to this knotty question will have to await the availability of tools 
which will permit a more direct approach to the problem. 

e. Influence of Fat 

Salmon^® has shown that diets high in fat result in a lowered dietary 
requirement for iii(^otinic a(‘.id, in a fashion similar to the well-known 
thiamine-sparing a(;tion of fat. This has been iTiterpreted as providing 
additional e\idencc for the role of nicotinic! acid in carbohydrate metabo- 
lism, although the correctness of this interpretation has been (jnestioned.®^ 

/. Other Influences 

(1) Corn, The fact that the occurrence of human pellagra is so often 
associated with the consumption of diets high in corn, and the fact that 
pellagra will develop when corn diets are f(‘d whereas other diets with less 
nicotinic acid do not cause pellagra,’^®- havT led to innumc^rable attempts 
to find some substance in corn which increases nicotinic acid recpiirements 
(pp. 548 and 565) Although it has been shown that corn, under certain 
circumstances, will increase nic(»tini(! acid reciuirements in s(*veral speckles 
of animals,^* there is no conclusiv<‘ evidence that this otToct of con) is 
due to anything more than the effect of its low tryptophan protein. 

The weight of evidence seems to favor the view that these efi'ects of corn 
can be adequately explained on this basis plus perhaps a relatively low 
digestibility and a low availability of the nicotinii* acid in corn.**^' 

(2) Vitamin J5fi. A deficiency of pyridoxine in the rat, if sufficiently 
severe, reduces the cx(!retion of urinary nicotinu! acid derivatives after 

’3 V. A. Xajjar, Tj. K. Holt, Jr., G. A. Johns, O. C‘. Mniiarv, iirul G. FleiKchnisinn, 
Proc. Soc. EjtjUL Biol. Med. 61, 371 (1946;. 

II. N. Dc, M. C. Mjilakcr, ami A. K. Paul, Indian Med. Gaz. 84 , 512 (1949;. 

A. E. Teeri, M. Leavitt, D. Jossclyn, N. Oalovos, ami 11. A. Keener, J . Biol. 
Chem. 182, 509 (1950). 

H. Spector, Biol. Chem. 173, 659 (1948). 

P. Ellinger and A. Emmanuelowa, Lancet 251, 716 (19-16). 

P. Ellinger, M. M. Abdel Kadcr, and A. Emmanuelowa, Bril. J . Expil. Pathol. 28, 
261 (1947). 

W. D. Salmon, J . Nutrition 33, 155 (1947). 

E. I. P’razier and T. li. P>iedemann, Quart. Bull. Northwestern Univ. Med. School 
20, 24 (1946). 

W. R. Aykroyd and M. Swaminuthan, Indian J . Med. Research 27, 667 (1940). 

“ P, Handier, Proc. Soc. Exptl. Biol. Med. 62, 263 (1943). 

MW. A. Krehl, P. S. Sarma, and C. A. Elvehjem, ./. Biol. Chem. 182, m (1946). 

M E. Kodicek, Biochem. J. 48, viii (1951). 

M R. G. Chitre and D. B. Desai, Ind.J . Med. Research 3, 471, 479 (1949). 
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tryptophan administration®^, w-ss ^nd prevents the normal increase of pyri- 
dine nucleotides in red blood cells following tryptophan.®® In most instances 
these defe(!ts were overcome promptly after pyridoxine therapy. Since 
pyridoxine deficiency is known to result in abnormal tryptophan metabo- 
lism it was logical to believe that pyridoxine deficiency might also 
interfere with the synthesis of nicotinic acid from tryptophan. 

However, several reports®^ ®® appeared indicating that the liver of pyri- 
doxine-deficient rats (!Ould still transform tryptophan to nicotinic acid 
derivatives. Furthermore, deficiencies of thiamine or riboflavin or simple 
reduction in caloric intakes also appeared to result in a reduced excretion 
of urinary nicotinic^ acid derivative's after tryptophan.®® Spector’® found no 
interference with the tryptophan to nicotinic, acid conversion in force-fed 
pyridoxinc-deficient rats, llcimherg ei obtained evidence that the in- 
volvement of pyridoxine in ni(‘otiiiic acid synthesis was not a direct meta- 
bolic* effect. These* s(*emingly contradictory reports may be explained by a 
re(*ent investigation by Kring and associates,®® who also found that pyri- 
doxiiie defi(*ieu(*y did not inhibit the formation of liver pyridine nucleotides 
from trypt()]ihan. However, if they intensified the defi(*iency state by using 
the antagonist desoxypyridoxine, they could demonstrate such an inter- 
ference. However, even this sewere deficien(*y did not interfere with the 
formation of liver pyridine nucleotides from nic^otinic acid. 

So far as is known, this interesting interrelationship between pyridoxine 
and tryptophan has no ])ractical significance in altering the nicotinic acid 
recpiirements of eitheu* animals or man. 

(3) FoUc Acid. Krehl and associates®®* found that folic acid improved 
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the response of nicotinic acid-deficient dogs to nicotinic acid and helped 
to maintain a more normal blood picture. Ruegamer et reported that 
both folic acid and nicotinic acid were required to obtain a response with 
liver extract in an anemia which developed in dogs on rations which were 
probably deficient in all three factors. Teply et found an interrelation 
between folic acid and nicotinic acid in the cec^a of rats under various dietary 
circumstances. Junqueira and Schweigert^®® found that sulfasuxidine inter- 
fered with the conversion of tryptophan to nicotinic acid if folic acid was 
not in the diet, but had no effect if the diet was supplemented witl^ folic 
acid. The significance, if any, of these reports in relation to the nicbtinic 
acid requirement of animals is not clear. \ 

(4) Age. Adult animals rc(iuire less nicotinic acid than growing animals, 
as might be expected.** * 2 . io4 

(5) Climate. Mills and associates*®^ found no difference in nicotinic acid 
requirement between chicks kept at temperate coolness and at tropical heat. 

(6) Alcohol. Available evidence (p. 5G5) suggests that alcohol “spares’^ 
nicotinic acid in man. However, in view of the high incidence of pellagra 
in alcoholics, one might doubt the practical importance of this effect. 

B. MAN 

The recommended daily dietary allowance of ni(*otini(‘ a(‘id which is 
generally applied in the United States is that of the Food and Nutrition 
Board of the National Research Council According to this standard, the 
daily diet of man should provide 12 to 18 mg. of nicotinic^ acid, depending 
on activity, that for women 10 to 15 mg., depending on activity and whether 
they are pregnant or lactating. Infants and children should receive from 4 
to 17 mg. daily, depending on age up to 13 years, and on age and sex from 
13 to 20 years of age. 

These allowances were based primarily on animal experiments and on 
analyses of diets which were known to be pellagra preventive.*®® They 
contain a deliberate margin of safety to provide for those who may have 
requirements above average or who by reason of illness or injury might 
have a temporarily increased need for the vitamin. It should be emphasized 
that the figures cited above are recommended allowances, not minimum 
physiological requirements. 

W. R. Ruegamer, W. L. Brickson, N. J. Torbet, and C. A. Elvehjem, J. Nutrition 
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However, the validity of these recommended allowances has recently 
received important confirmation from two sources. Frazier and Friede- 
mann*® recalculated the nicotinic acid and other nutrients in diets known to 
be pellagra producing or pellagra preventive, using dietary records gathered 
by Goldberger and others. They concluded that the Tnininnum daily intake 
of nicotinic acid in a marginal diet containing corn products is about 7.5 
mg. per day. More recently, Goldsmith and associates^” produced pellagra 
experimentally in women with corn-containing diets which provided 4.7 
mg. of nicotinic acid and 190 mg. of tryptophan daily. Other subjects who 
received the same diet supplemented with 2 mg. of nicotinic acid, or 
“wheat” diets providing 5.7 mg. of nicotinic acid and 230 mg. of tryptophan, 
failed to develop pellagra. 

Much less precise information is available on factors which influence 
requirements in man than in animals. Tryptophan can substitute, at least 
in part, for nicotinic acid in human diets. The possible influence of com 
products (p. 548) and alcohol (p. 565) has been mentioned elsewhere. 
Several factors are known which, clinically, seem to precipitate or predis- 
pose man to attacks of pellagra. These are sunlight, heavy work, disturbed 
gastrointestinal function, intestinal parasitism, and surgery. Whether these 
increase requirements or act in an indirect mamier is not established. Like- 
wise, it is uncertain whether the peak incidence of pellagra in the early 
spring months is due to the effect of sunlight, to increased exercise, or 
simply to the development of a deficit of nicotinic acid during the winter 
months. 

G. A. Goldsmith, H. P. Sarelt, U. D, Register, and J. Gibbens, J. Clin. Invest. 31, 
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